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Abstract 
In the scientific community, ferroelectric ceramics have attracted great attention 
because of their unique dielectric, piezoelectric, pyroelectric and ferroelectric properties. 
These properties of ferroelectric ceramics make them suitable for various multifunctional 
device applications. Till date, owing to excellent dielectric, piezoelectric, pyroelectric and 
ferroelectric properties, the Pb(Ti,Zr)O3(PZT) based ferroelectric ceramics, near 
morphotropic phase boundary (MPB), are widely used in applications such as actuators, 
sensors, etc. However, the toxicity, problems in recycling and disposal are the major 
environmental concerns against the use of lead-based ferroelectric materials. Therefore, 
there is an urgent need for searching effective lead-free ferroelectrics, whose properties are 
comparable to those of the well-known PZT based materials. Among the effective lead-free 
ferroelectrics, the (Na0.5Bi0.5)TiO3(NBT) system has drawn great attention in recent years. 
Although, the NBT system shows a strong ferroelectric behavior, yet it has some critical 
limitations such as (i) high coercive field, (ii) high conductivity, (iii) high dielectric loss 
and (iv) high leakage current, which goes against the use of this system in various device 
applications. Efforts have been made to overcome these limitations by doping or 
synthesizing solid solutions with other systems. The solid solution of the (1-x)NBT-xBT 
system exhibits an MPB at x≈0.07. Similarly, in the solid solution of the (1-x)NBT-xKNN 
system there exist an MPB at x≈0.07 between the rhombohedral FE phase and a tetragonal 
AFE phase. Therefore, it is imperative to study structural, dielectric, piezoelectric, 
ferroelectric, polarization fatigue and leakage current density properties of the (1-x)NBT-
xBT and (1-x)NBT-xKNN systems near their respective MPBs. 
 
Selected Perovskite Materials 
 (1-x)Na0.5Bi0.5TiO3-xBaTiO3/NBT-xBT  
 (1-x)Na0.5Bi0.5TiO3-x K0.5Na0.5NbO3/NBT-xKNN 
(Where x=0.05, 0.06, 0.07, 0.08) 
Solid solutions of the NBT-xBT and NBT-xKNN (where x=0.05, 0.06, 0.07, 0.08) 
systems were prepared by solid state reaction route. The XRD study confirmed the single 
perovskite phase in both the NBT-xBT and NBT-xKNN systems at 1000oC and 800 oC 
calcination temperatures, respectively. No remarkable change in the grain size (average 
grain size ~2.5μm) was observed with the variation of BT content in the NBT–xBT system. 
Whereas, in the NBT–xKNN system, the average grain size first increases with the increase 
of KNN content up to x=0.07 and then starts decreasing for x=0.08. Highest experimental 
density was found to be ~5.89g/cc (98.30% of the theoretical density (ρth)) and 5.77g/cc 
(97.81% of the ρth) for x=0.07 compositions of the NBT-xBT and NBT-xKNN systems, 
respectively. Dielectric study showed existence of both Td (depolarization temperature) and 
Tm (temperature corresponding to maximum dielectric constant) in all the systems with 
diffusive phase transition behavior. Dielectric constant (εr) (at 1 kHz frequency) at room 
temperature (RT) and at Tm were found to be ~2275 and ~5067, respectively for the x=0.07 
ceramic samples of the NBT-xBT system. Whereas, for the x=0.07 ceramic samples of the 
NBT-xKNN system, εr (at 1 kHz frequency) at RT and at Tm were found to be ~2787 and 
~4438, respectively. Leakage current density was found to be between 10-7-10-6A/cm2 and 
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~10-6A/cm2 for all the NBT-xBT and NBT-xKNN ceramics, respectively. In the NBT-xBT 
system, optimum values of remnant polarization (Pr) ~ 31.71μC/cm2, piezoelectric 
coefficient (d33) ~105pC/N, electromechanical coupling coefficient (kp) ~0.21 and 
maximum induced strain% ~0.45 at RT were obtained in the x=0.07 composition. Whereas, 
optimum values of Pr ~20.61µC/cm2, d33 ~78pC/N, kp ~0.12 and maximum induced strain% 
~0.36 were obtained at RT in the x=0.07 composition of the NBT-xKNN system. Bipolar 
polarization fatigue study confirmed the degradation of all the NBT-xBT and NBT-xKNN 
ceramics after 107 cycles. Excellent dielectric, piezoelectric and ferroelectric properties 
confirmed the MPB nature of x=0.07 composition of both the systems. Still, both these 
systems lack the reliability issues such as polarization fatigue, high coercive field, high 
leakage current, etc.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   
On the other hand, bismuth layered structure ferroelectrics (BLSF) such as 
SrBi2Ta2O9, SrBi2Nb2O9, Bi4Ti3O12, SrBi4Ti4O15, etc., are the natural anti-fatigue materials 
which can withstand 1012 erase/rewrite operations. A detail structural, dielectric, 
piezoelectric, ferroelectric, leakage current density and polarization fatigue properties of 
the effective BLSFs systems were carried out. 
Selected BLSF Materials 
 
 SrBi2Ta2O9/SBT,  
 Sr0.8Bi2.15Ta2O9/SBexT and  
 SrBi2(Ta0.925W0.075)2O9/SBTW 
2-layered SBT, SBexT, and SBTW ceramics were synthesized in single phase by 
solid-state reaction technique. SEM micrographs showed the development of plate-like 
grains with maximum experimental density ~8.87 g/cc (98 % of the ρth) of the SBexT 
ceramic samples, sintered at 1200oC/4hr. Enhanced transition temperature (Tc), and better 
εr and ferroelectric properties were observed in both the SBexT and SBTW ceramic samples 
compared to the SBT ceramic samples. The dielectric study also showed the sharp 
transition in both the SBexT and SBTW ceramic samples, whereas a diffused phase 
transition was observed in the SBT system. From dielectric measurements, highest Tc was 
obtained in the SBexT system. P-E hysteresis loop study confirmed the ferroelectric nature 
of all the SBT based ceramic samples. The maximum Pr ~ 8.07μC/cm2 with minimum 
coercive field (Ec) ~ 15.18kV/cm were obtained in the SBexT ceramic samples. Optimum 
RT value of d33 ~24pC/N and kp ~ 0.098 were obtained in the SBexT ceramic samples. 
Reduced leakage current density ~3.14x10-9A/cm2 was obtained in the SBexT ceramic 
samples. Bipolar polarization fatigue study confirmed the negligible degradation of all the 
BLSF materials even after 109 cycles.  
Though, the MPB compositions of the NBT-xBT and NBT-xKNN systems exhibit 
high dielectric, piezoelectric and ferroelectric properties but they show high leakage 
current density and large degradation of polarization value after repeated cycles. On the 
contrary, SBexT ceramic samples showed lower leakage current density and better 
polarization fatigue resistance after repeated cycles. But, the Pr value of the SBexT samples 
is lower compared to the MPB compositions of the NBT-xBT and NBT-xKNN systems. 
Therefore, for retaining comparably higher value of Pr and improving the polarization 
fatigue resistance, these MPB compositions were further modified by SBexT system. 
viii 
 
Selected Perovskite-BLSF Materials  
 
 (1-ϕ)(0.93 Na0.5Bi0.5TiO3-0.07 BaTiO3/NBT-BT)-ϕSr0.8Bi2.15Ta2O9  
 (1-ϕ)(0.93 Na0.5Bi0.5TiO3-0.07 K0.5Na0.5NbO3/NBT-KNN)-ϕ Sr0.8Bi2.15Ta2O9 
(Where ϕ= 2, 4, 8, 12, 16 wt. %) 
(1-ϕ)(NBT-BT)-ϕSBexT and (1-ϕ)(NBT-KNN)- ϕSBexT  (where ϕ= 2, 4, 8, 12, 16 
wt. %) ceramic composites were prepared by solid state reaction route. XRD studies 
showed the co-existence of individual phases in both the ceramic composite series. SEM 
study showed the development of plate-like grains for higher content of SBexT phase in 
both the composite systems. RT εr and tanδ values decreased and diffuse phase transition 
nature increased with the increase of SBexT content in both the ceramic composite systems. 
In both the ceramic composite systems, the leakage current density was found to be ~10-7 
to 10-8 A/cm2, which is one to two order less than the NBT-BT and NBT-KNN systems. 
Maximum induced strain% decreased with the increase of SBexT content in both the 
ceramic composite systems. P-E hysteresis loops of the SBexT modified NBT-KNN 
ceramics showed the retention of good Pr values. Polarization fatigue studies showed the 
improvement of polarization fatigue resistance with the increase of SBexT content in both 
the ceramic composite systems. Improvement in leakage currents density, fatigue 
resistance, retention of high εr, Pr, d33 and kp for ϕ ≤ 4wt. % of (1-ϕ) (NBT-KNN)-ϕSBexT 
ceramic composites suggested its usefulness in capacitor, piezoelectric and NVRAM 
applications. 
Keywords: XRD; SEM; MPB; Perovskite; BLSF; Dielectric; Piezoelectric; Ferroelectric; 
Polarization Fatigue. 
The present work is reported in the following chapters  
Chapter I presents a short introduction to the phenomenon of general ferroelectricity, 
piezoelectricity, the significance of lead-free perovskite materials with MPB, ceramic-
ceramic composite materials, and their applications. The motivation and objective of this 
thesis work is also included in this chapter. 
Chapter II describes the experimental details and the investigated parameters. 
Chapter III presents the detail description of the synthesis of ceramics and ceramic-
ceramic composites. The experimental techniques used to characterize the synthesized 
materials are also presented in this chapter.  
Chapter IV describes the dielectric, piezoelectric and ferroelectric studies of NBT-xBT 
and NBT-xKNN ceramics near their respective MPB. 
Chapter V describes the dielectric, piezoelectric and ferroelectric properties of SBT based 
ceramics. 
Chapter VI describes the dielectric, piezoelectric and ferroelectric properties of SBexT 
modified NBT-xBT (x=0.07) and NBT-xKNN (x=0.07) ceramic composites. 
Chapter VII presents the major conclusions of the present work with future work 
recommendations. 
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Chapter 1 
 
Introduction and Literature Survey 
 
1.1 Introduction 
In the present era of device miniaturization, smart ceramic materials are 
technologically significant particularly in sensor, actuator, transducer, memory and 
capacitor devices. Smart ceramic materials change their chemical or physical properties 
under the influence of external stimuli. These materials are also known as electroceramics 
because of their extraordinary electrical properties. A parallel development of various 
subclasses of electroceramics with piezoelectric properties has also taken place along 
with the development of new technologies. Consequently, since more than half a century, 
the piezoelectric ceramics have been getting considerable recognition. In addition, 
polycrystalline ceramics (ferroelectric in nature) with high dielectric constant were 
initially used in the capacitors. In the early 1950's, only BaTiO3 (BT) based ceramics 
were used in capacitor and piezoelectric transducer device applications. Subsequently, 
many other ferroelectric ceramics including lead titanate (PbTiO3), lead zirconate titanate 
(PZT), lead lanthanum zirconate titanate (PLZT) and relaxor ferroelectrics like lead 
magnesium niobate (PMN) have been developed and utilized in various device 
applications [1]. Among the limited choice of lead-free ferroelectric ceramics, 
Na0.5Bi0.5TiO3 (NBT) system with perovskite structure has remained as the prototype 
material due to its better ferroelectric properties. However, some critical issues associated 
with NBT system propel the researchers to modify the system either by 
doping/substitution or by preparing solid solution with other ceramic materials. By the 
choice of a suitable ferroelectric system, NBT based solid solutions, possessing a 
morphotropic phase boundary (MPB) can easily be realized. Although, through these 
modifications major critical issues associated with the NBT system are resolved, still the 
reliability problems such as polarization fatigue and high leakage current are not yet 
addressed. On the other hand, though the ferroelectric properties of bismuth layered 
structure ferroelectrics (BLSFs) are weak compared to their perovskite counterparts, yet 
they possess the superior polarization fatigue endurance property. In this connection, 
emphasis was given to NBT based systems near their MPBs, which were further modified 
by suitable BLSF systems for improving the reliability issues.  
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1.2 Background of Ferroelectric Phenomena and Related 
 Definitions 
1.2.1 Dielectric Materials 
Dielectrics are a class of insulating materials, which have virtually no free charge 
carriers and find their use in capacitor applications. Induction of polarization under an 
applied external electric field is the special characteristic of dielectrics, which separates 
them out from other class of insulating materials. This polarization in a dielectric material 
can occur by several mechanisms through limited charge rearrangements. Dielectrics are 
generally described by the dielectric constant or relative permittivity ( rε ) and dielectric 
loss ( δtan ) parameters. And, the total capacitance, C  of a capacitor is given by 
)1.1(
d
AC roεε=  
Where, ‘ oε ’ is the permittivity of the free space, ‘ rε ’ is the dielectric constant (‘ roεε ’ is 
the permittivity of dielectric material), ‘ d ’ is the distance between the parallel plates, and 
‘ A ’ is the area of the plates. Moreover, the material parameter ‘ χ ’, which is known as 
dielectric susceptibility relates the applied external electric field ( E ) and electrical 
polarization ( P ) by the relation  
)2.1(EP oχε=  
Also, rε of an isotropic medium is defined by the relation 
)3.1(1)(
0
0 χε
εε +=+= E
PE
r
 
where, DPE =+0ε  is the electric displacement field [2]. 
The mechanisms related to polarization, occurring in a dielectric material, depend on 
the frequency of the applied external electric field. Following are the different 
contributions to the total polarization in a dielectric material [3]: 
 Electronic polarization (displacement of the negatively charged electron shell 
against the positively charged nucleus).         
 Ionic polarization (mutual displacement of the positive and negative sub lattices 
under the influence of an applied electric field). 
 Orientation polarization (alignment of permanent dipoles). 
 Space charge polarization (polarization effect in a dielectric material showing 
spatial inhomogeneity of charge carrier densities). 
Each polarization contribution originates from the short-range movement of the charges, 
which responds to the applied electric field with different time scales. Schematic 
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dispersion of the real and imaginary parts of the dielectric function is shown in Fig.1.1. 
Each of the polarization contributions has its own characteristic frequency, which is the 
reciprocal of the characteristic time/relaxation time and where a maximum of the 
dielectric loss appears (shown in lower part of Fig.1.1). Depending on whether the 
oscillating masses experience a restoring force or not, one can distinguish between 
resonance and relaxation effects, respectively. Resonances are observed for the ionic 
(molecular vibrations and ionic lattices in the infrared (IR) region, 1011-1013 Hz) as well 
as electronic polarization (above 1013 Hz), while relaxation effects are found for the 
orientational polarization (electric dipoles from 108-1010 Hz) as well as interface or space 
charge polarization (below 10Hz) [4].  
  
 
Fig. 1.1: Frequency dependence of different polarizations in a dielectric material [5]. 
1.2.2 Classification of Materials based on Symmetry Principle 
The physical properties of crystals, thin films, polycrystalline or an amorphous 
material are affected by their symmetry. According to Neumann’s principle, the 
symmetry of a crystal’s internal structure is reflected in the symmetry of its external 
properties [6]. To explain symmetry about a point in space, crystallographers employ four 
symmetry operations; (1) a center of symmetry, (2) axes of rotation, (3) mirror planes and 
(4) combinations of these [7], which leads to a total of 32 point groups. Dielectric 
materials may belong to any one of the 32 point groups (or crystal classes) among which 
twenty groups are piezoelectric, where the polarization can be induced by an applied 
electric field. Half of the piezoelectric class of materials, (i.e. 10 point groups) are called 
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polar materials, which exhibit spontaneous polarization in the absence of any applied 
electric field or stress. Such dielectrics are called pyroelectrics, since the detection of 
spontaneous polarization is carried out by heating the specimens. The spontaneous 
polarization of a polar material results from an inherent asymmetry within the basic 
crystal cell. Polar materials whose direction of spontaneous polarization can be changed 
by an applied electric field are known as ferroelectrics or Siegnette electrics occasionally. 
The term ferroelectricity is derived from the analogy with ferromagnetic materials, since 
ferroelectric materials also possess domains, exhibit hysteresis loops and show Curie-
Weiss type behavior near their phase transition temperatures [8]. Fig.1.2 shows the 
classification of materials on the basis of crystal symmetry and Fig.1.3 shows the 
relationship between dielectric, ferroelectric, pyroelectric and piezoelectric materials. 
 
 
Fig. 1.2: Crystal classification based on symmetry principle [9]. 
 
Fig. 1.3: Diagrammatic representations of the relationship between ferroelectrics, 
pyroelectrics and piezoelectrics. 
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1.2.3 Piezoelectric Materials  
Piezoelectric materials possess the coupling between electrical and mechanical 
energies, i.e. an applied mechanical stress results in the generation of polarization. Over 
hundred years ago, Jacques and Pierre Curie discovered that the unit cells of piezoelectric 
materials lack center of crystallographic symmetry. This asymmetrical configuration of 
atoms in the unit cell creates an asymmetric charge distribution, which results in the 
formation of an electric dipole in the crystal as a whole. This macroscopic charge 
displacement or polarization is proportional to the applied mechanical stress. It was 
observed that the converse is also true where the voltage applied to the surface of a 
piezoelectric crystal creates a small change in its dimensions, which is proportional to the 
applied voltage. Although the attainable strain is relatively small, it can impart sufficient 
force to displace objects; many times more massive than the crystal itself, which makes 
these materials suitable for actuator applications [10]. 
The direct and converse piezoelectric effects, as shown in Fig.1.4, can be 
expressed in tensor notation as, 
          )4.1(jkijki dD σ=   (Direct Effect) 
)5.1(kkijij EdS =    (Converse Effect)  
where, iD  is the polarization generated along the i - axis in response to the applied stress
jkσ . For the converse effect, ijS is the strain generated in a particular orientation of the 
crystal by the application of electric field kE along the k -axis [6]. ijkd  and kijd are the 
piezoelectric coefficients for direct and converse effects, respectively. 
 
 
 
Fig. 1.4: Schematic diagram of direct and converse piezoelectric effects [11]. 
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1.2.4 Pyroelectric Materials 
Pyroelectrics are subclasses of piezoelectrics, which possess spontaneous 
polarization. Generally, this spontaneous polarization in pyroelectric materials is not 
necessarily switchable by an external electric field. This inherent dipole moment within 
each unit cell induces a net polarization, which can be manipulated by temperature. The 
pyroelectric coefficient ( ip ) is described as the change in the spontaneous polarization 
with temperature [7] as, 
)6.1(
T
Pp si ∂
∂
=  
where, ip  (Cm
-2K-1) is the pyroelectric coefficient. Alternatively, ‘ ip ’ is calculated 
using the relation,  
)7.1(
dt
dTA
Ipi =                                     
Where, ‘ I ’ is the pyroelectric current, measured during the heating cycle, ‘ A ’ is the area 
of the electrode and ‘ dtdT / ’ is the rate of heating.  The spontaneous polarization 
disappears above the Curie temperature ( cT ), the temperature above which a pyroelectric 
unit cell transforms into the centrosymmetric paraelectric phase. In the centrosymmetric 
paraelectric phase, there exist no dipole moment within the unit cell, and thus exhibits a 
reduced piezoelectric effect [1].   
1.2.5 Ferroelectric Materials 
Ferroelectrics are subclasses of pyroelectrics, in which the spontaneous electric 
polarization can be reversed by the application of an external electric field. The effect of 
the application of an electric field and cycling through negative and positive directions to 
a ferroelectric material, results in a hysteretic behavior, shown in Fig.1.5. With the 
increase of electric field, the polarization initially increases from zero to a saturation 
polarization, satP , and then upon decreasing the electric field, it reduces to a remnant 
polarization, rP . The electric field required to reduce the polarization back to zero value, 
is called coercive field cE . A ferroelectric material has the following characteristics [7] :  
 Ferroelectric hysteresis loop 
 Spontaneous polarization 
 Reversible polarization 
 Ferroelectric transition temperature. 
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Fig.1.5: Polarization hysteresis in a ferroelectric material [12]. 
1.2.5.1 Ferroelectric Domains and Domain Walls 
Ferroelectric materials consist of regions, called domains, within which 
spontaneous polarization is uniformly oriented. This polarization orientation differs from 
an adjacent domain and the region which separates the two adjacent domains is called the 
domain wall. The walls between domains with opposite orientation and mutually 
perpendicular polarizations are called 180o and 90o walls, respectively [13]. More often, 
spontaneous polarization is generated by cooling the ferroelectric material below the 
Curie point. As the temperature is reduced down to the Curie point, the generation of 
spontaneous polarization leads to the formation of surface charges, which produce a 
depolarizing field, dE , directed opposite to the spontaneous polarization. In principle, 
ferroelectric domains are formed to minimize the electrostatic energy of the depolarizing 
fields, dE , and elastic energy associated with mechanical strain generated in the 
ferroelectric material when it is cooled through paraelectric to ferroelectric state [14]. A 
combination of electric and elastic boundary conditions to which a ferroelectric material 
is subjected when it is cooled down through the ferroelectric phase transition temperature, 
usually leads to a complex domain structure with many 90o, 180o and many other walls. 
This is schematically shown in Fig.1.6.  
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Fig.1.6: Creation of ferroelectric domains [15]. 
1.2.5.2 Ferroelectrics for Electronic Applications 
After the discovery of BaTiO3 ceramics, ferroelectric crystals and ceramics have 
been studied for a variety of electronic device applications, including actuators, filters, 
sensors and capacitors. Most extensive research in various ferroelectric materials which 
have been carried out till date is related to the field of utilization of switchable 
polarization under the application of an external electric field. Therefore, the concept of 
utilizing the reversible spontaneous polarization of ferroelectric materials as a non-
volatile ferroelectric random access memory (NVFRAM) state is one of the key research 
interests of the present time. A concise description of the ferroelectric non-volatile 
memories, followed by a discussion on polarization fatigue, one of the major reliability 
issues, which limits the applicability of ferroelectrics in memory devices, has been 
summarized in the successive two sections. 
1.2.5.3 Non-Volatile Ferroelectric Random Access Memories (NVFRAM) 
The hysteresis behavior of ferroelectric polarization vs. applied external electric 
field (P-E) of ferroelectric material makes it useful for the non-volatile memory 
applications. In these materials, there exists a nominal threshold electric field (called 
coercive field), above which the polarization changes its sign and we get two zero field 
values i.e. the rP± , which are equally stable. Either of these two states of the polarization 
can be encoded as “1” or “ 0 ” in the memory devices and since no external electric field 
is required to maintain these states, the memory is termed as non-volatile [16]. Due to 
their following advantages such as (i) fast access speed, (ii) low power consumption, (iii) 
extended read/write endurance and (iv) ability to store data without the need for battery 
backup power, the bistable states of the ferroelectric makes them ideal replacements for 
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the standard random access memory (RAM), erasable programmable read-only memory 
(EPROM) and flash memories. Following the first NVFRAM demonstrations in 1989, 
NVRAMs have been extensively developed [17]. Moreover, current applications of these 
ferroelectric materials include in smart cards, data collection and storage (e.g., power 
meters), configuration storage and buffer devices.  
1.2.5.4 Fatigue in Ferroelectric Ceramics 
As per definition, ferroelectric (polarization) fatigue is the loss of the switchable 
remnant polarization in a ferroelectric material, undergoing unipolar/bipolar pulses. Fig. 
1.7 shows a schematic representation of the polarization decay vs. the number of cycles in 
a ferroelectric material. Fatigue is generally accepted as the result of charge injection and 
the accumulation of space charges, which pin the domain switching. The microscopic 
models for explaining the origins of the fatigues are the formation of charged defect pairs, 
such as lead vacancies, bismuth vacancies, oxygen vacancies [18] and space-charge 
accumulation at or near the electrode-ferroelectric interfaces [19]. Defect charges play 
important role in all these models [20].Though both bulk and thin film ferroelectric 
materials are susceptible to polarization fatigue, the mechanism of polarization fatigue is 
presently not well understood. Yet, in the early studies, mostly in single crystals, 
considerable research on ferroelectric fatigue has produced a large quantity of 
experimental data. The influence of various conditions i.e., temperature, ambient 
atmosphere, choice of electrode, composition of the ferroelectric material, and the 
characteristics of the external electric field on fatigue has been studied previously [21-
23]. 
 
Fig.1.7: A schematic illustration of polarization decay as a function of the number of 
switching cycles [18]. 
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1.3 Classification of Ferroelectrics 
According to the nature of chemical bonds, crystalline ferroelectrics may be 
classified into four types [24]: (i) Perovskite e.g.: BaTiO3, K0.5Na0.5NbO3, Na0.5Bi0.5TiO3 
(ii) Layer structure e.g.: SrBi2Ta2O9, Bi4Ti3O12 (iii) Tungsten bronze e.g.: PbNb2O6, and 
(iv) Pyrochlore e.g.: Cd2Nb2O7. 
1.3.1 Ferroelectrics with Perovskite Structure 
Perovskite is a family name of a group of materials having a prototype ABO3 type 
of structure. Here, the A-site cations (e.g. Ba2+, Sr2+, Ca2+, Pb2+) are normally larger than 
the B-site cations (e.g. Ti4+, Zr4+, Sn4+) and O represents the oxygen atoms. Fig. 1.8 (a) 
shows the three-dimensional corner sharing O2- ions octahedral network. The A-site 
cations are surrounded by twelve anions in cube-octahedral coordination and the B site 
cations are surrounded by six anions in octahedral coordination.  
Fig.1.8 (b) shows the ideal perovskite with cubic unit cell [25]. Most of the 
materials belonging to the perovskite structure are ionic compounds. In perovskites, the 
chemical composition related to its stability can be measured by their tolerance factor ‘ t ’, 
also known as Goldschmidt tolerance factor, which is given below: 
)8.1(
)(2 OB
OA
RR
RRt
+
+
=
 
where, AR , BR and OR  are the ionic radii of A, B and O ions, respectively [26]. For ideal 
cubic structure t  =1.0, however, perovskite structures with 0.95< t  < 1.0 are cubic in 
nature. The perovskite structures with t  > 1.0 tend to be ferroelectric and with t  < 0.95, 
leads to non-ferroelectric nature and results in distorted perovskite structure. In addition 
to ‘ t ’, the polarizability of the ions also plays a significant role  in determining the nature 
of the material [27]. 
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(a)                                                        (b) 
Fig.1.8: (a) Three-dimensional network of the corner-sharing octahedra of O2- ions, (b) A 
cubic ABO3 perovskite-type unit cell [28]. 
In few materials, the A site becomes complex by comprising more than one cation 
in the ABO3 structure, which is denoted as (A1A2)BO3 and known as complex perovskite 
structure. Generally, in this complex perovskite structure, A1 and A2 are relatively large 
size mono-, di- or tri-valent cations such as Na+, K+ , Ba2+, Ca2+, Sr2+, Pb2+, Bi3+ etc. and 
B site is a small size, highly charged tera-, penta- or hexa-valent cations, such as Ti4+, 
Nb5+, W6+, etc. Compositional heterogeneities due to the A-site cations in these complex 
perovskite structures make the nature of the phase transition in these ferroelectrics as 
diffused type. 
1.3.2 Ferroelectrics with Bismuth Layer Structure  
Bismuth layer-structured ferroelectrics (BLSFs) were first synthesized by 
Aurivillius in 1949 and hence they are also known as Aurivillius compounds [29]. Fig.1.9 
shows the structure of BLSF, which comprises the intergrowth of fluorite-like (Bi2O2)2+ 
units and pseudo-perovskite slabs (An-1BnO3n+1)2- . ‘n’ indicates the number of perovskite 
layers stacked along the c-axis between the (Bi2O2)2+ layers and generally its value lies 
between 1 ≤ n ≤ 8. In (An-1BnO3n+1)2-, B is a small size, highly charged tetra-, penta- or 
hexa-valent cation, such as Ti4+, Ta5+, Nb5+, V5+, W6+ etc. (An-1BnO3n+1)2- perovskite slabs 
are sandwiched between the Bi2O2 layers and gives a characteristic layer structure. 
Ferroelectricity in these compounds is generally attributed to the cationic displacement 
along the polar a-axis and the tilting of octahedra around the ‘a’ and ‘c’ axes [29-32]. 
B 
O 
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Some typical examples of BLSFs are: Bi2WO6 (n = 1), SrBi2Ta2O9 (n = 2), Bi4Ti3O12 (n = 
3), MBi4Ti4O15 (M = Ca, Sr, Pb, Ba) (n=4), Ba2Bi4Ti5O18 (n=5) etc. These BLSFs possess 
some exclusively attractive electrical properties such as excellent fatigue endurance, fast 
switching speed, good polarization retention, relatively high Curie temperature, low aging 
rate and low operating voltage [33-36]. The mentioned electrical properties of BLSFs 
make them suitable for ferroelectric non-volatile random access memory (NVRAM) 
storage devices, high-temperature piezoelectric device, sensor and photo-catalysts 
applications [37, 38]. 
 
 
Fig.1.9: Typical structure of two layered [39], and three layered [40] BLSFs. 
 
1.3.3 Ferroelectrics with Tungsten Bronze Structure 
The “Tetragonal Tungsten Bronze” (TTB) structural type is related to the 
potassium tungstate (K0.475WO3) like structure [41]. Interconnected corner-sharing 
oxygen octahedral with three types of pseudo-symmetric open channels i.e. three-, four-, 
and five-fold is the characteristic feature of the TTB crystal structure, as shown in 
Fig.1.10 [42]. The site occupancy formula for TTB structure is given by 
(A1)2(A2)4(C)4(B1)2(B2)8O30. The three open channels (A1, A2 and C sites) and the 
space encapsulated by oxygen octahedron (B1 and B2) can accommodate a wide range of 
cations and anions, leading to modified materials with different tailored properties. Lead 
niobate (PbNb2O6) was the first crystal of the tungsten bronze type structure to show 
useful ferroelectric properties [1]. Various substitutions in the TTB structure have led to 
the discovery of many new normal, and relaxor type ferroelectrics [43]. At present, there 
are more than hundred ferroelectric materials which belong to tungsten bronze family. 
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Fig.1.10: Schematic diagram showing a projection of the tetragonal tungsten bronze 
structure on the (001) plane [42].    
 
1.3.4 Ferroelectrics with Pyrochlore Structure 
 The pyrochlore structure is shown by materials having a stoichiometric formula of 
A2B2O7  [44], where A is a trivalent or divalent cation and B is a tetra- or pentavalent 
cation. Fig.1.11 shows the one octant part of pyrochlore structure [45]. Due to a wide 
compositional range of A and B site cations, pyrochlore compounds show interesting 
properties useful for solid electrolytes, anodes and cathodes for fuel cells and sensors, 
catalysts, dielectrics and materials for the encapsulation of actinides and other nuclear 
wastes [46]. 
 
Fig.1.11: One octant part of the pyrochlore structure (A2B2O7). Blue spheres are A3+ 
ions, yellow spheres are B4+ ions, and red spheres are O2− ions [44]. 
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Ferroelectric materials, such as Ce2Ti2O7, Sr2Nb2O7, La2Ti2O7 (LTO), and 
Nd2Ti2O7 (NTO), with a pseudo-pyrochlore structure, exhibit a high coercive field, good 
thermal stability and a low dielectric constant [47].  
1.4 Literature Review 
In the following sections, literature review about the potential lead-free perovskite 
and BLSF ceramics is presented.     
1.4.1 Lead-Free Ferroelectric Ceramics 
Lead(Pb)-containing ferroelectric ceramics such as (Pb0.52Zr0.48)TiO3 (PZT), 
Pb(Mg1/3Nb2/3)O3–PbTiO3 (PMN-PT) etc. find their use in the modern sensors, actuators 
and transducers applications due to their superior dielectric, ferroelectric and 
piezoelectric properties. These excellent properties appear due to the special electronic 
configuration as well as the peculiar crystal chemistry of Pb2+ ions in the Pb-based 
systems. Specifically, the stereochemically active 6s2 lone pair of Pb2+ ions causes a 
strong structural distortion, which leads to highly polarizable and electrically active 
materials in the Pb-based systems [48, 49]. Furthermore, the exceptionally superior 
properties in these PZT, PMN-PT etc. systems are obtained near the respective 
morphotropic phase boundary (MPB) regions [27]. The MPB describes the boundary that 
separate regions of different symmetries and can be crossed through a change in 
composition [50]. At MPBs, the crystal structure of these system changes abruptly and 
the electromechanical properties are optimum. Despite the excellent properties of PZT 
based systems, regulatory agencies worldwide began putting restrictions on the use of 
lead over the past few years, due to its toxicity, and currently research is focused mostly 
on Pb-free materials [51]. Many research groups around the globe are actively involved to 
find out the effective alternative to lead-free ferroelectric systems. In this search, a special 
attention has been given to the materials with perovskite phase. This is because materials 
with perovskite phase are easy to synthesize and suitable modifications in these systems 
can be incorporated easily. BaTiO3 (BT), Na0.5Bi0.5TiO3 (NBT), K0.5Bi0.5TiO3 (KBT), 
KNbO3 (KN), K0.5Na0.5NbO3 (KNN), BaZrTiO3 (BZT), BaSrTiO3 (BST) etc. are the 
various effective lead-free perovskite ferroelectrics [52]. Among them, NBT based 
systems are more searched from past few years as the effective lead-free ferroelectric 
systems [53].  
In contrast, bismuth layered structure ferroelectrics (BLSF) such as Bi4Ti3O12 (BIT), 
SrBi2Nb2O6 (SBN), SrBi2Ta2O9 (SBT), SrBi4Ti4O15 etc. have also attracted the attention 
of the research community because of promising ferroelectric properties [29]. Despite 
weak piezoelectric properties, these BLSFs find their use in piezoelectric resonators [54]. 
15 
 
Although the use of perovskite ferroelectrics in various applications is widespread but 
they do not find their due promising use because of polarization fatigue and imprint 
related problems in dielectric, ferroelectric and piezoelectric properties [55]. On the other 
hand, BLSFs materials show polarization fatigue-resistance up to ~1012 cycles, which is 
comparatively ~ 5-6 order higher than their perovskite counterparts. A key feature is that 
the devices are typically read destructively, which leads to the requirement that the 
ferroelectric materials should endure large numbers of switching cycles. However, 
polarization fatigue is one of the major issues limiting the applicability of ferroelectrics in 
memory device applications. NBT is a promising ferroelectric material and possesses 
strong ferroelectricity,  
1.4.2 Na0.5Bi0.5TiO3 (NBT) System 
Sodium bismuth titanate (NBT) was first discovered in 1960 by Smolenskii et al. 
[53]. This system is an A-site distorted perovskite material, in which both the Bi3+ and 
Na+ ions occupy the same A-site positions, shown in Fig. 1.12.  Furthermore, this system 
belongs to ABO3 perovskite category with a rhombohedral (R3c) crystal structure at room 
temperature (RT). However, preliminary structural studies of the NBT system did not 
provide a conclusive structural understanding [56, 57]. Jones and Thomas reported that 
this system exhibits rhombohedral R3c space group at RT and upon heating changes to 
tetragonal and subsequently to cubic structure [58]. NBT is a promising ferroelectric 
material with excellent ferroelectric properties with a relatively large Pr (~ 38μC/cm2) and 
a high Ec (~ 73 kV/cm), high Curie temperature ~320°C with diffuse phase transition 
(DPT) and a moderate piezoelectric coefficient (d33) ~73pC/N [59]. The peculiar phase 
transition behavior with different dielectric anomalies of the NBT system has attracted 
considerable attention [60]. The Rietveld analysis of neutron diffraction data has revealed 
the coexistence of rhombohedral-tetragonal and tetragonal-cubic phases over the 250-
400°C, and 500-540°C temperature ranges, respectively [58]. Yet, two other 
characteristic transition temperatures were obtained from the dielectric studies, indicated 
by Td and Tm, known to be depolarization temperature and temperature of the maximum 
dielectric constant, respectively [61]. At the same time, the high-temperature phase 
transition viz. tetragonal-cubic has been verified through differential scanning calorimetry 
(DSC) [62]. Furthermore, the phase transition, at low temperature especially between Td 
and Tm has been reported as TR-T, which is partially questionable [63, 64]. Vakhrushev et 
al. [65] reported that there is co-existence of rhombohedral-tetragonal phases with the 
rhombohedral clusters dispersed within a tetragonal matrix in between Td and Tm. The 
investigation of phase transition behavior between Td and Tm using transmission electron 
microscopy (TEM) by Dorcet et al. [66] reported rhombohedral-orthorhombic phase 
transition through the formation of an intermediate modulated phase. The antiferroelectric 
16 
 
and relaxor behaviour are reported in the NBT based systems [66]. The interpretation of 
the behavior of phase transition between Td and Tm is still quite open to discussion and 
needs further study in the NBT based systems.  
 
Fig. 1.12: Cubic perovskite phase of the NBT system [67] 
 
Besides all the properties and phase transition behaviour of NBT material, it has 
been noticed from the preliminary literature survey that although the pure NBT material 
shows a strong ferroelectric behaviour, but it has some critical limitations such as: (i) 
high coercive field, (ii) high conductivity, (iii) high dielectric loss, (iv) high leakage 
current, and (v) prone to polarization fatigue. The issue of high conductivity was 
attributed to volatilization of Bi3+ ions during sintering process. Hiruma et al. reported the 
increase in resistivity with the addition of excess bismuth in this system [59]. Bi3+ doped 
NBT system was studied by Wang et al.[68] and they reported that it reduces the leakage 
current, enhances the piezoelectric properties, and increases the dielectric constant and 
the dielectric loss.  
  Despite numerous studies on NBT based systems with various substitutions, solid 
solutions of NBT with some other perovskite-based systems exhibit desired improved 
properties, and only few of them shows the MPBs in certain compositional ranges. These 
systems near their MPBs exhibits piezoelectric, ferroelectric and electromechanical 
properties comparable with the Pb-based ferroelectric materials.  
1.4.2.1 NBT based Solid-Solutions with MPB 
Kounga et al. reported an MPB ~6-7 mol% addition of KNN in the NBT system 
[69]. Although, the addition of KNN system in the NBT system made the solid solution 
more antiferroelectric in its behavior, it also led to a much higher unipolar strain [69]. 
However, in the solid solution of (1-x)(Bi0.5Na0.5)TiO3-(x)(K0.5Na0.5)NbO3 ceramics, 
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Laoratanakul et al. [70] reported an MPB near the composition between x = 0.03 and x = 
0.05. Takenaka et al. [71] have reported the MPB for x = 0.06-0.07 in the (1-
x)(Bi0.5Na0.5)TiO3-xBaTiO3 system. The structure of (Na0.5Bi0.5)1−xBaxTiO3 system 
showed an MPB between rhombohedral–tetragonal phase in the composition range of 
0.04<x<0.08 at RT [72]. The composition of (Bi0.5N0.5)TiO3-Ba(Zr0.05Ti0.95)O3 system 
shows an MPB and improved piezoelectric properties in the 3-12 mol% doping of the Ba 
(Zr0.05Ti0.95)O3 ceramics. Chen et al. studied the electrical properties of (1-
x)(Bi0.5N0.5)TiO3-xBa(Zr0.04Ti0.96)O3 solid solutions and reported an MPB with the 
addition of 6 mole % of Ba(Zr0.04Ti0.96)O3 ceramics in the NBT system [73]. Zhou et al. 
reported an MPB in the (Bi1/2Na1/2)Ti1−x(Zn1/3Nb2/3)xO3 system within the 0.5% ≤ x ≤ 
2.0% compositional range [74]. 
Since NBT, BT, and KNN are typical end members for developing lead-free 
piezoelectric materials [75] their binary as well as ternary solid solutions have been 
widely studied for ferroelectric and piezoelectric properties [76]. This concept is 
visualized in Fig. 1.13, where a quasi-ternary phase diagram between the NBT, BT and 
KNN is constructed [76-78]. From these combinations, seven binary MPBs are 
constructed (shown in Fig. 1.13) where, MPB-1 and MPB-2 are the NBT rich MPBs 
owing to binary solid solutions. 
 
 
 
Fig. 1.13: Phase diagram of the NBT–BT–KNN ternary system [79]. 
 
Nevertheless, in the binary solid solutions of NBT-BT and NBT-KNN, still there 
is ambiguity regarding the presence of MPB at an exact composition [69-71, 80]. 
Therefore, the solid solutions of the (1-x) NBT- xBT and (1-x) NBT-xKNN systems near 
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MPBs have captured our attention for achieving better dielectric, ferroelectric and 
piezoelectric properties. 
1.4.3 BLSF Systems 
Ferroelectric bismuth-layer perovskite materials are recognized as promising 
materials for FeRAM applications due to their high polarization fatigue resistance, 
satisfactory electrical and retention characteristics compared to Pb-based and Pb-free 
perovskite ferroelectrics [81]. Two families of materials, lead zirconate titanate (PZT) 
and strontium bismuth tantalate (SBT), have been widely investigated for memory 
applications. Since the current research is an effort to choose material with excellent 
ferroelectric behaviour with fatigue-resistant behaviour for NVRAM applications, 
SrBi2Ta2O9 (SBT) has been chosen among numerous BLSFs. This is because of its 
distinguished properties, which are briefly discussed in the following section.  
1.4.3.1 SrBi2Ta2O9 (SBT) based Systems 
SBT system, shown in Fig. 1.9, is an n=2 member of the Aurivillius family of layered 
compounds, considered to be a versatile material for multifarious applications. The 
crystal structure of this system has orthorhombic distortion with space group A21am and 
a=0.5306 nm, b=0.55344 nm, and c=2.49839 nm as the lattice parameters [82]. The Pr 
value of pristine SBT system is ~10μC/cm2 which is much higher than other BLSFs and 
hence focussed for this research. Araujo et al. [83] have first reported the fatigue-free 
behavior of SBT system. They recognized the inherent advantage of BLSFs over other 
ferroelectric materials on account of the fact that the former have intermediate bismuth 
oxide layers between the ferroelectric units. This Pb-free system has a great importance in 
ferroelectric memory application devices. But, the εr and Pr values of the SBT based 
systems are lower compared to the perovskite-based counterparts. Therefore, many 
attempts have been made to improve the dielectric and ferroelectric properties of the SBT 
based systems with different modifications [84-86]. Moreover, most of the studies on 
SBT based system are related to their thin film forms. Shimakawa et al. [87] have 
reported that the calculated polarization of Sr-deficient-and-Bi-excess Sr0.8Bi2.2Ta2O9 ( cT
~ 400 °C) system is larger than their counterpart stoichiometric system. Substitution of Bi 
and the cation vacancies at the Sr sites helps in enhancing the structural distortion of the 
TaO6 octahedra, which lead to larger spontaneous polarization and higher Curie 
temperature. Takemura et al. [88] observed that excess Bi and/or Sr deficient SBT thin 
films showed stronger dielectric anomaly near cT . In particular, the cT  values of the Sr 
deficient SBT thin films were higher than that of the corresponding bulk ceramics. 
Simultaneously, creating Sr deficiency and doping excessive Bi can improve the 
crystallinity and promote the grain growth in the SBT based systems. On the contrary, 
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Wu et al. [89] studied V5+ doped SrBi2Ta2O9 and reported an increased Tc ~360 °C as 
compared to 305 °C for pure SBT. Coondoo et al. [90]  studied donor (W6+, Eu3+) 
substituted SBT system and reported the decreased electrical conductivity with both the 
donor substituent. The substitution of the smaller W6+ ions for Ta5+ ions in the SBT 
system is reported to be effective in improving its dielectric properties [90]. Moreover, 
W6+ has been investigated as a substituent for bismuth titanates (Bi4Ti3O12/BIT) in which 
the Pr is reported to enhance when a small amount of Ti4+ was replaced by W6+. This has 
been explained by considering the fact that the substitution introduces cation vacancies 
that suppress oxygen vacancies in the structure. This is especially relevant for SBT, 
where the degradation in ferroelectric properties and fatigue is widely believed to 
originate from the existence of oxygen vacancies[91]. In the present work, the hexa 
valent ion W6+ has been chosen as a donor cation for substituting the pentavalent Ta5+ 
sites in SBT and its influence on the microstructure, dielectric and ferroelectric properties 
that have been expected. From the literature, we further observed that Coondoo et al. 
studied the series of SrBi2(Ta1-xWx)2O9 (SBTW) samples and the ferroelectric properties 
was maximum for x = 0.075 [91]. Therefore, simultaneously doped Bi-excess and Sr-
deficient non-stoichiometric Sr0.8Bi2.15Ta2O9 as studied by Aoyagi  et al. [92], and the 
donor (W6+) doped SrBi2(Ta0.925W0.075)2O9/SBTW system, as studied by Coondoo et al. 
[91]  have caught the attention of the author as promising candidates among the BLSFs. 
1.4.4 Ferroelectric Ceramic-Ceramic Composites 
As discussed in the previous sections, the ferroelectrics can be classified based on 
their structures. Several researchers have put efforts to prepare composites using different 
structured ferroelectrics to improve the required properties. In this section, a few 
examples of such efforts are briefly outlined. N. Zhang et al. [93] have investigated the 
electric fatigue properties of traditional perovskite structured 
Pb0.94La0.04(Zr0.70Ti0.30)O3/PLZT ceramics incorporated with layered structured 
ferroelectric material, SrBi2Nb2O9. Enhancement of grain strength of the PLZT ceramics 
and increase in the value of dielectric constant due to incorporation of SrBi2Nb2O9/SBN 
was reported. Ceramic composites of Pb0.94La0.04 (Zr0.70Ti0.30)O3 and SrBi2Nb2O9  with 
almost no deterioration in the value of switchable polarization and hysteresis as compared 
to 60% deterioration observed in pure PLZT ceramic after 106 cycles was reported. The 
mechanism of improvement in the fatigue properties was attributed to the specific 
structure of the bismuth oxide layer in SBN, which could alleviate piled-up oxygen 
vacancies, nearby ferroelectric domain walls, and facilitate the movement of the 
ferroelectric domain walls in the process of the ferroelectric domain reorientation. N. 
Zhang et al. [94] again investigated the influences of SrBi2Ta2O9 (SBT) on the dielectric 
and ferroelectric properties of Pb0.94La0.04(Zr0.70Ti0.30)O3 ceramics. A substantial increase 
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of dielectric constant was observed with the increase of SBT content in the PLZT–SBT 
composites. While only 40% value of original switchable polarization could be kept in 
pure PLZT ceramics after 106 polarization switching, almost no deterioration of 
switchable polarization and hysteresis loop of the PLZT–SBT composites was observed. 
Thongmee et al. [95] investigated the Pb(Zr0.52Ti0.48)O3–Bi3.25La0.75Ti3O12/PLZT-BLT 
ceramics and observed higher remnant polarization values of the PZT–BLT ceramics than 
that of the pure PZT (~11.12 μC /cm2) and pure BLT (~10 μC /cm2) ceramics. The 
coercive field ~4.04 kV/mm, lower than that of pure BLT ceramics, was also obtained in 
the PZT–BLT ceramics. BLT addition reduced the tendency to depolarize, induced higher 
endurance to switching field as well as better fatigue resistance to the PZT-BLT samples. 
This literature study suggests that we can combine an effective Pb-free perovskite with 
suitable Bi-layered material for improving its fatigue properties. 
1.5 Motivation 
NBT-based solid solutions near MPBs possess high remnant polarization, 
excellent ferroelectric, piezoelectric and dielectric properties. However, polarization 
fatigue and leakage current behaviors of these NBT based compounds restrict their use in 
various device applications. Combination of perovskite-based material with SBT based 
materials can lead to the improvement in polarization fatigue endurance nature and lower 
the leakage current density effectively. Hence, we are motivated to choose the NBT based 
solid solutions near MPB and further modify them with suitable SBT based materials for 
improving polarization fatigue endurance nature and lower the leakage current density. 
1.6 Objectives and Scope of the Present Work 
Ferroelectric materials find a notable position in the field of material research 
because of their unique and superior properties, which make them suitable for various 
electronic, optoelectronic, computer memory etc. device applications. The objectives of 
the present work have been defined on the basis of the existing problems, challenges and 
current status in the field of NBT based ferroelectric materials. The main objectives of the 
present thesis are listed below:  
[1] To select the potential lead-free ferroelectric materials with perovskite                 
type structure near their MPBs. 
[2] To select the potential lead-free ferroelectrics with bismuth layer structure, possessing 
excellent polarization fatigue resistant and low leakage current properties. 
[3] To optimize the synthesis process for single phase formation of these selected systems 
by solid state reaction route. 
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[4] To carry out the detailed structural, microstructural, dielectric, ferroelectric, 
piezoelectric, leakage current and polarization fatigue studies of the selected lead free 
perovskite and bismuth layer structure based systems. 
[5] To synthesize ferroelectric ceramic-ceramic composites using effective perovskite and 
effective bismuth layer structure ceramics for improving the polarization fatigue and 
lower the leakage current behaviors. 
[6] To carry out the detailed structural, microstructural, dielectric, ferroelectric, 
piezoelectric, leakage current and polarization fatigue studies of these ceramic composite 
systems. 
1.7 Materials under Present Investigation  
In the present work, a systematic investigation of the dielectric, leakage current, 
piezoelectric, ferroelectric and polarization fatigue properties of the solid solutions of 
NBT with BT and KNN ceramics was carried out. SBT based ceramics were also 
synthesized and their various properties were also characterized and analyzed. Finally, 
the ceramic-ceramic composites using effective perovskite and effective bismuth layer 
structure ceramics were synthesized, characterized and analysed. Following are the 
selected materials for the above mentioned objectives: 
Perovskite Material Series 
 (1-x)Na0.5Bi0.5TiO3-xBaTiO3/NBT-xBT  
 (1-x)Na0.5Bi0.5TiO3-x K0.5Na0.5NbO3/NBT-xKNN  
         (Where x=0.05, 0.06, 0.07, 0.08) 
BLSF Materials 
 SrBi2Ta2O9/SBT  
 Sr0.8Bi2.15Ta2O9/SBexT 
 SrBi2(Ta0.925W0.075)2O9/SBTW 
Perovskite-BLSF Series 
 (1-ϕ)(0.93 Na0.5Bi0.5TiO3-0.07 BaTiO3/ NBT-BT)-ϕ Sr0.8Bi2.15Ta2O9 
 (1-ϕ)(0.93 Na0.5Bi0.5TiO3-0.07 K0.5Na0.5NbO3/ NBT-KNN)-ϕ Sr0.8Bi2.15Ta2O9  
(Where ϕ= 2, 4, 8, 12, 16 wt. %) 
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Chapter 2 
 
Synthesis Route and Investigated Parameters 
 
2.1 Introduction 
The basic steps of the solid state reaction route, used in the present work, are 
presented in the following sections. Structural, microstructural, dielectric, piezoelectric, 
leakage current, ferroelectric and polarization fatigue characterization techniques are used 
in the present study. The basic principles of these experimental methods and techniques 
are also briefly explained in this chapter. 
2.2 Synthesis Procedure 
Processing technique plays a vital role in determining the purity, microstructure 
and density, which ultimately decides the electrical properties of the synthesized product 
[1-3]. The ever increasing demand of advanced ceramics with specific properties has led 
to the improvement and optimization of existing synthesis techniques as well as 
development of new ones. Some of the most interesting methods/techniques, used to 
prepare the ferroelectric ceramic materials, are solid-state reaction route, sol-gel, 
polymer-sol-gel, hydrothermal, micro emulsion, combustion, thermal pyrolysis spray, 
molten salt synthesis route etc. Each of these synthesis routes has their own advantages 
and disadvantages. In order to achieve a quality product with respect to purity, 
homogeneity, reactivity, particle sizes etc., one has to select the most desirable synthesis 
route. In the present study, solid state reaction route has been selected for the processing 
of the selected materials. Though, the solid state reaction route has some inherent 
shortcomings like: chances of contamination and non-homogeneity, yet it has its own 
specific advantages over other synthesis routes. Solid state reaction route, mostly used for 
a large-scale production of the ceramics, is also most convenient for laboratory scale 
preparation of the ceramics. It is a convenient, easier and a low-cost technique among 
other available synthesis methods in terms of performance, reliability and reproducibility 
[4].  
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2.2.1 Solid State Reaction Route (SSRR) 
Solid state reaction route is the most extensively used processing method for the 
synthesis of polycrystalline bulk ceramics. This method involves large range of selection 
of starting materials viz. carbonates, oxides, etc. Since solids do not react with each other 
at room temperature (RT), it is necessary to heat them at elevated temperatures as high as 
up to ~1500oC for the proper reaction to take place at significant rate. Thus, both kinetic 
and thermodynamic factors are important in this method. Here, the solid reactants react 
chemically without the presence of any solvent at high temperatures yielding a product 
which is stable. The major advantage of this method is that the final compound is in the 
solid form, which is structurally pure and with the desired properties. The various steps of 
solid-state reaction synthesis route are given in the flow chart, shown in Fig.2.1. 
 
 
Fig.2.1: Synthesis steps involved in a conventional solid state reaction route. 
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30 
 
2.2.1.1 Precursors in Stoichiometric Proportion 
Precursors are the starting raw materials also called as reagents. The nature of the 
raw materials has a major effect on the properties of the final ceramic material. The 
quality of the starting raw materials depends upon the purity% and the particle size. The 
starting reagents are dried thoroughly before weighing to remove the moisture and are 
selected on the basis of reaction conditions. The surface area of the reagents influences 
the reaction rate for which fine-grained materials should be used. If the raw materials 
contain some impurities, it affects the physical properties of the final product material [5]. 
2.2.1.2 Ball Milling and Grinding 
Ball milling is a process of grinding the raw materials into fine powder for 
uniform mixing when different materials are grinded together. The rate of grinding 
depends on particle size of raw materials, grinding media, container and the medium used 
[6]. Rate of grinding is inversely proportional to particle size of the materials. As the 
particles become fairly fine, further reduction in size becomes more and more difficult. 
The size and density of grinding media plays an important role for deciding the rate of 
milling. In the milling process, the particles experience mechanical stress at their contact 
points due to compression, impact, or shear with the milling medium or with other 
particles. Size and density of the particles play an important role in the formation of 
desired product; therefore proper care should be taken in the milling and grinding steps.   
2.2.1.3 Calcination 
The calcination temperature can be estimated by thermal analysis techniques 
(DSC/TGA characterization techniques, discussed in later sections) of the dried precursor 
mixture, obtained after milling process. During calcination, the phase formation of the 
compound takes place by solid-phase reaction, which involves the chemical reaction 
through atomic diffusion at temperature below the melting points of the precursors [7]. 
Four physical processes are involved in the calcination process, viz. (i) linear expansion 
of the particles (ii) contraction of the product (iii) solid phase reaction and (iv) grain 
growth. Generally, calcination process is an endothermic decomposition reaction, which  
results in the final single phase with the liberation of gases [8]. 
2.2.1.4 Binder Addition 
Binder holds the granules of the powder together during the preparation of the 
green compacts, required for sintering. Addition of binder also reduces the brittleness of 
the green compacts. The binder should decompose at much lower temperature, compared 
to the calcination temperature of the compound. Generally, polyvinyl alcohol (PVA) is 
used as the binder which is a water soluble synthetic polymer with a monomer of (-CH2-
CHOH-) with excellent adhesive property. 
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2.2.1.5 Sintering 
Green compacts are densified through the sintering process. The various 
mechanisms of sintering of polycrystalline materials take place through bonding and 
growth of necks between the particles. Various sintering mechanisms are: lattice diffusion 
from the surface, surface diffusion, vapor transport, lattice diffusion from the grain 
boundary, grain boundary diffusion, and plastic flow [9]. Grain boundary diffusion and 
lattice diffusion are the most important densifying mechanisms in the polycrystalline 
ceramics. The diffusion from grain boundary to the pore permits neck growth as well as 
contribute to the densification process. Besides these mechanisms, different ionic species 
forming the compound are coupled to preserve the stoichiometry and electroneutrality. In 
sintering process, the green compacts are heated to a temperature, which is  
approximately ~50-80% of the melting temperature [10], as a result the pellet does not 
melt and the particles join to reduce the porosity of the compact by ionic diffusion, shown 
in Fig.2.2. The sintered pellets are ready for any type of characterizations succeeded by 
proper optimization or/else sintering temperature is varied for better densification and is 
optimized again. 
 
 
Fig. 2.2:Schematics of sintering process: (a) three grains before solid-state 
sintering, and (b) after sintering[11]. 
 
2.2.1.6 Electroding 
Electroding on insulating ceramics is required for testing the electrical properties 
of the ceramic materials. The selection of suitable conducting electrodes for electrical 
measurements of a non-conducting sample is very important. There are two types of 
parallel plate measurement methods: contacting and non-contacting electrodes. The 
contacting thin film electrode method is adopted widely. This is because it causes 
minimum error, caused by the air gap between the electrodes and the surface of the test 
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material. Secondly, the procedure to measure dielectric constant under this method is 
simple as compared to non-contacting electrode method. 
2.3 Characterization Techniques 
Advanced ceramics demonstrate specific properties, and they are characterized by 
various experimental techniques with a specific aim. Some of the characterizations are 
related with the synthesis process and others are related with the characterizations of the 
final product for the purpose of analyzing their utility for a specific device application. In 
the present study, following experimental techniques are used: 
 Thermogravimetric analysis and differential scanning calorimetry  
 X-Ray diffraction study 
 Density measurements 
 Scanning electron microscope 
 Dielectric characterizations 
 Leakage current study 
 Piezoelectric study 
 Ferroelectric P-E loop study 
 Polarization fatigue study 
2.3.1 Thermo Gravimetric Analysis and Differential Scanning 
Calorimetry  
Thermo Gravimetric Analysis (TGA) is one of the thermal analysis techniques in 
which the substance undergoes a mass change when subjected to a controlled temperature 
rise. The specimen powder and the reference material are placed on refractory pans 
(Alpha alumina or platinum) and suspended from high precision balances. A 
thermocouple is in close proximity to the specimen though not in contact, so as not to 
interfere with the free float of the balances. The balances are electronically compensated 
to ensure the specimen pan does not move whenever the specimen gains or losses weight. 
The measurement is normally carried out in air or in an inert atmosphere, such as He/Ar, 
and the changes in weight are recorded as a function of temperature of the testing 
samples. Sometimes the measurement is performed in neon oxygen atmosphere to slow 
down the oxidation process [12, 13]. 
Differential scanning calorimetry (DSC) is also one of the thermal analysis 
techniques in which the difference in the amount of heat required to increase 
the temperature of a sample and that of the reference is measured as a function of 
temperature. The sample and reference are enclosed in the same furnace and are 
maintained at nearly the same temperature throughout the experiment. The temperature 
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program is designed in such a way that the temperature of sample holder increases 
linearly as a function of time. The reference sample has a well-defined heat capacity over 
the range of temperatures to be scanned and does not undergo a physical or chemical 
change during the measurement. The basic principle underlying this technique is that the 
sample undergoes a physical transformation namely phase transitions, melting, 
decomposition, crystallization etc. and heat will flow into or out of the specimen       
(endothermic or exothermic process) in order to maintain both the specimen and the 
reference at the same temperature. When the specimen undergoes a phase transition from 
solid to liquid phase it requires more heat to be supplied than the reference to maintain 
the same temperature. This absorption of heat corresponds to an endothermic peak in the 
DSC curve. Similarly when the sample becomes crystallized, heat energy is liberated 
from the specimen and hence corresponds to an exothermic peak in the DSC curve. By 
observing the difference in heat flow between the specimen and reference, it is possible to 
measure the amount of heat absorbed or released during such transitions [12-14].  
2.3.2 X-Ray Diffraction Study  
X-ray diffraction (XRD) is a powerful nondestructive tool for determining the 
structure, phase, crystal orientations (texture), and other structural parameters, such as 
average crystallite size, strain, crystallinity, and crystal defects. Physical properties of the 
solids (e. g., electrical, optical, magnetic, ferroelectric, etc.) depend on atomic 
arrangements of materials; therefore the determination of the crystal structure is an 
important part in the characterizations of the materials. XRD peaks are formed by 
constructive interference of a monochromatic beam of X-rays scattered at specific angles 
from each set of lattice planes in a sample [15]. The peak intensities are determined by 
the atomic arrangements within the lattice plane. Consequently, the XRD pattern is a 
fingerprint of periodic atomic arrangements in the given material [16]. The XRD pattern 
is governed by the Bragg’s law. The Bragg condition of diffraction is defined as 
)1.2(sin2 θλ dn =  
where, n is the order of diffraction, λ  is the wavelength of the X-rays, d  is the 
interplanar spacing, and θ  is the scattering angle. The wavelength of the X-rays should 
be of the order of lattice spacing of the sample in order to produce diffraction peaks at 
specific angles. Fig 2.3 shows the schematic interaction of X-rays with the crystal planes. 
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Fig.2.3: Schematic representation of interaction of X-rays with crystal planes [17]. 
Various properties of the materials can be analyzed by determining the lattice 
parameters accurately. The calculation of the lattice parameters from the 2θ  positions or 
d -spacing values can be done using the following formula:  
]sinsinsin[ 22222222222221 2 γβα balackcbhV
hkld
++=
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where, V  is the volume of the unit cell, a , b , c , α , β , and γ  are the lattice parameters 
and h , k , l  are the Miller indices of the lattice planes. The following information can be 
obtained from the XRD analysis:  (i) quality and phase confirmation of the synthesized 
samples, (ii) the interplanar spacing (d), (iii) the intensities of the reflections, (iv) the unit 
cell parameters and the type of lattice [18].  
2.3.3 Density Measurements 
Density of the synthesized materials is an important experimental parameter for 
specifying their use in various device applications. The synthesized materials having 
experimental density near to that of the theoretical density exhibits better properties. The 
theoretical density can be determined by knowing the lattice parameters. The theoretical 
density ‘ thρ ’ can be determined by using the following equation,    
)3.2(
NV
nM
th =ρ  
where, n  is the number of atoms per unit cell and M  is the atomic weight. ‘ N ’ is 
Avogadro’s number and ‘V ’ is the volume of the unit cell. The experimental density ( exρ ) 
of the synthesized materials is measured by using the Archimedes principle:  
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Relative density (RD) of the synthesized materials is defined as the ratio of experimental 
density to the theoretical density and calculated by using the following relation, 
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2.3.4 Scanning Electron Microscope 
Scanning electron microscope (SEM) is a type of electron microscope that images 
a sample surface by scanning it with a high-energy beam of electrons. This technique is 
widely used to characterize the surface topography and morphology of the sintered 
samples. The fundamental principle of scanning electron microscopy (SEM) is mainly 
based on the kinetic energy of the accelerated electrons. This energy is dissipated in the 
form of a variety of signals due to the electron-sample interactions. These signals include 
secondary electrons, backscattered electrons (BSE) (used for SEM images), diffracted 
backscattered electrons (used to determine crystal structures and orientations), photons 
(characteristic X-rays, used for elemental analysis), visible light (cathode luminescence), 
and heat. Secondary electrons and backscattered electrons are commonly used in studying 
the morphology of the sintered samples and illustrating the contrasts in the composition 
of the multiphase samples (i.e. for rapid phase discrimination).  The characteristic X-rays 
are generated by inelastic collisions of the incident electrons with electrons in discrete 
orbitals (shells) of the atoms of the investigated samples, thus the characteristic X-rays 
are produced for each element of the samples. SEM analysis is considered to be "non-
destructive"; because the X-rays generated by electron interactions do not lead to volume 
loss of the sample [19, 20]. Fig 2.4 shows the schematic diagram of different signals 
coming out from the interaction of electron beam with the matter. 
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Fig. 2.4: Interaction of electron beam with matter [21] 
The specimen under scanning electron microscope must be electrically conductive 
at least at the surface and electrically grounded to prevent the accumulation of 
electrostatic charge at the surface. The nonconductive specimen tends to get charged 
when scanned by the electron beam and especially in the secondary electron imaging 
mode; which causes scanning faults and other imaging artifacts. Therefore, it is usually 
coated with an ultrathin layer of electrically conducting material like platinum or gold; 
using low vacuum sputter coating or by high vacuum evaporation [20, 22]. 
2.3.5 Dielectric Characterizations 
Ferroelectric materials very often show interesting dielectric properties like high 
dielectric constant (εr) and low dielectric loss (tanδ), which are important for practical 
capacitor device applications. Study of εr and tanδ provides a great deal of information 
about the utility of the ferroelectric materials in various dielectric applications.  
2.3.5.1 Dielectric Constant  
The dielectric constant (εr) of a material is the ratio of the charge stored on a pair 
of electrodes, separated by a slab of material, at a given voltage and the charge stored on 
a set of identical electrodes, separated by vacuum. It is defined as;  
)6.2(1
0 E
P
r ε
ε +=  
where, rε : Dielectric constant or relative permittivity of the material  
E : Net electric field in the presence of dielectric material  
P : Induced dipole moment / volume under an applied electric field E  
0ε : Permittivity of the free space  
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And, for an alternating electric field, the dielectric constant can be written as  
)7.2(''' εεε ir −=  
where, 'ε and ''ε are the real and imaginary components of the dielectric constant, 
respectively. The real component is in phase and imaginary component is in 90o out of 
phase with the applied external electric field. The ''ε  is caused either by resistive leakage 
or dielectric absorption.  
For ordinary substances, the value of εr is low, usually under 5 for organic 
materials and under 20 for most inorganic solids. Ferroelectric ceramics, however 
generally have much higher rε , typically several hundred to several thousand [23, 24]. 
 LCR meter measures the various electrical parameters at low frequencies 
employing auto-balancing bridge. Fig.2.5 shows the schematic diagram of auto-balancing 
bridge. Z is the impedance of the material (in the form of electrode pellet), Z1 and Z2 are 
known impedance and Zx is variable impedance. Zx is varied until no current flows 
through G. Underbalanced condition, Z can be calculated as,  
)8.2()(
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2
×= ZZ
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Fig. 2.5: Schematic diagram of auto-balancing bridge [25]. 
 
Knowing the value of Z , the resistance component ( R ) and reactance component ( X ) 
can be calculated. Capacitance ( C ) and dielectric loss ( δtan ) can be calculated using the 
Z1 
Z2 
Zx 
Z 
G 
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following formula fXC π2/1= where f is frequency and XR /tan =δ . Knowing the 
capacitance C , dielectric constant can be calculated as, 
)9.2(
A
dC
o
r ×
×
=
ε
ε  
where, oε : Permittivity of free space in farad per meter (8.854 x 10
-12F/m) 
rε : Dielectric constant or relative permittivity of the sample.  
A : Area of each plane electrode in square meters (m2) 
d : Thickness of the electrode ceramic sample in meters (m)  
2.3.5.2 Dielectric Loss  
The charging current in an ideal dielectric leads the applied voltage by 2/π
radians (90o). However, in real dielectrics, in addition to the charging current, associated 
with the storage of electric charge by the dipoles, a loss current must be considered, 
which arises from the long-range migration of charges, e.g., DC ohmic conduction and 
the dissipation of energy associated with the rotation or oscillation of dipoles [24]. As the 
dielectric always possesses a loss, it is generally represented by a complex dielectric 
constant, defined in equation 2.10. The total current in the real dielectric is a complex 
quantity which leads the voltage by an angle (90-δ), where δ is called the loss angle. The 
tangent loss is given by  
)10.2(tan '''εεδ == cl I
I  
The total current I through the capacitor can be resolved into two components, a charging 
current (Ic) in quadrature with voltage and conduction current Il in phase with the voltage. 
The vector resolution of the total current is shown in Fig. 2.6. 
 
 
Fig. 2.6:The vector resolution of ac current in a capacitor [4]. 
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Dielectric loss ( δtan ) is also commonly known as the dissipation factor, D . The 
inverse of the loss tangent, δtan/1=Q , is used as a figure of merit in high-frequency 
applications [24]. 
2.3.6 Leakage Current Study 
Leakage current is primarily associated with the dielectric capacitors, used in the 
electronic devices, and refers to the conduction of a small amount of current even when 
they are electrically turned off. Even though this off current is of the order of magnitude 
less than that of the current through the device when it is on, this leakage current still 
slowly discharges through the capacitor. The leakage current through a capacitor relate to 
the imperfection within the used dielectric materials and hence also known as dielectric 
leakage. In most of the applications, the ferroelectrics are used as capacitors, either as 
bulk ceramics or single crystals or as thin films of polycrystalline or of epitaxial nature 
[26]. Also, most of the device applications are related with the external voltage, applied 
on the ferroelectric capacitors, which leads to the unavoidable occurrence of a leakage 
current. Traditionally, the possible conduction mechanisms in ferroelectric materials are 
divided in two major classes [27]: 
1. Bulk limited: ohmic-type conduction; space charge limited currents (SCLC); 
Pool-Frenkel emission (PFE) from the deep traps; hopping. 
2. Interface limited: thermionic emission over the potential barrier at the electrode 
interface, also known as Schottky emission (SE); electric field assisted tunneling 
or Fowler-Nordheim tunneling (FNT). 
If the leakage is controlled by the PFE, which originates from the field assisted 
thermal ionization of trapped carriers into the conduction band of the materials; then the 
leakage current density can be expressed as [28]. 
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where, A  is a constant, E is applied electric field, tφ is the trap ionization energy, e  is the 
elementary charge, T is the temperature, k  is the Boltzmann’s constant, optε is the optical 
dielectric constant, and oε  is the permittivity of free space. On the other hand, if the 
leakage is dominated by SCLC, which originates from the density of free electrons when 
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carrier injection overcomes density of thermally stimulated free electrons, then the 
leakage current density can be expressed as [29] 
)12.2(
8
9 2
0 L
EJ r µεε=  
Where, μ is the mobility of charge carriers, εr is the dielectric constant, and L is the 
material thickness. Furthermore, if the leakage is controlled by the FN tunneling, then the 
leakage current density can be expressed as [30] 
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Where, B and C are constants and ϕi is the potential barrier height. 
 The J-E characteristics of FN tunneling, PF emission, and SCLC can be 
characterized by the linear relationships J vs. E in the form ( ) ( )EEJ /1ln/ln 2 − , 
( ) 2/1/ln EEJ − and ( ) ( )EJ loglog − , respectively, based on their slope which is around 
two. 
2.3.7 Piezoelectric Study 
2.3.7.1 Strain vs. Electric Field Behavior  
In ferroelectric materials, polarization switching by an applied external electric 
field leads to strain–electric field ( ES − ) hysteresis loop. Generally, the ES −  hysteresis 
loops in the ferroelectrics resemble the shape of a butterfly and arises due to the three 
types of effects. One is the converse piezoelectric effect and the other two are due to 
switching and movement of domain walls. Here, the converse piezoelectric effect is 
known to be a primary electromechanical coupling effect in solid-state theory i.e. the 
strain is linearly proportional to the electric field, whereas electrostriction is a secondary 
coupling effect in which the strain is proportional to the square of the electric field and is 
independent of the direction of the applied electric field. Some ferroelectric materials 
(relaxor) show the electrostrictive effect, shown in Fig. 2.7(a) [31], and expressed as: 
)14.2(2MEx =  
Where, x is the strain induced with the application of applied electric field E , and M  is 
electrostrictive constant.  
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Fig. 2.7: (a) Strain induced by electric field in an electrostrictive material [32], and (b) 
butterfly loop in a piezoelectric material [33].  
Fig. 2.7(b) shows the strain vs. electric field ( ES − ) hysteresis loop of a 
ferroelectric material. At zero fields (point A), the strain of the crystal is taken to be zero. 
The electric field is then applied in the direction of the spontaneous polarization. As the 
field is increased, the crystal expands due to piezoelectric effect and the induced strain 
traces the path A–B–C. The expansion continues until the maximum field reaches to point 
C. At point C, the field starts to decrease, but it is still parallel to sP . The strain of the 
sample traces the same line but in the opposite direction (from C to A). At point A the 
strain is again zero. The field then changes its direction, becoming antiparallel to sP . As 
the field strength increases in the negative direction, the crystal contracts with respect to 
point A. At point D, the field is large enough to switch the direction of polarization. After 
switching, the polarization becomes parallel to the field and the strain becomes positive 
again (point E). During further increase of the field in the negative direction, strain 
increases to point F and then decreases back to point A as the field is decreased [33]. The 
reversal of the polarization and sudden change of the strain happens again at point G. The 
strain–field curve is linear, indicating that the strain is purely piezoelectric except at the 
switching points D and G. 
Practically, the ES − curve for a piezoelectric material has a hysteresis loop, 
which resembles the shape of a butterfly, shown in Fig. 2.8. This results because of the 
combined effect of electrostrictive and piezoelectric phenomenon, switching and 
movement of domain walls in a ferroelectric material. Moreover, ceramic samples usually 
contain a number of non-180odomain walls. The movement and switching of non-180o 
domain walls may involve a significant change in the dimensions [34]. During the field 
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cycling process, a residual (or remnant) strain may be observed at zero fields if the 
domains do not switch to their original positions [34, 35]. As the contribution to the strain 
from movement of domain walls is strongly nonlinear and possess a hysteresis, this 
results in a non-linear ES − curve, shown in Fig. 2.8. However, hysteresis free S-E 
behavior is desired for actuator applications [36]. 
 
Fig. 2.8: Strain versus electric field behavior of a general ferroelectric material [37]. 
2.3.7.2 Poling  
Inside a ferroelectric crystal, the regions with uniform polarization are called 
ferroelectric domains within which all the electric dipoles are aligned in the same 
direction. The domains in a crystal are separated by boundaries called domain walls. 
Adjacent domains can have their polarization vectors in antiparallel directions, at right 
angles to one another, etc. Neighbouring domains having polarization vectors at right 
angles and antiparallel directions are known as having 90o or 180o domain walls, 
respectively [24].  
 
 
Fig. 2.9:Schematic illustration of the poling process [38]. 
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A ferroelectric single crystal has multiple ferroelectric domains when it is grown. 
Poling is a process in which a single domain can be obtained by the motion of domain 
walls which is made possible by the application of a sufficiently high electric field. This 
is a very important process required for realizing the practical application of 
polycrystalline ferroelectric ceramics in various devices. Ferroelectric ceramics do not 
possess piezoelectric properties owing to the random orientations of the ferroelectric 
domains before poling. During poling, a DC electric field is applied on the ferroelectric 
sample, which forces the domains to be oriented in a particular direction. After poling 
i.e., even after the removal of the electric field, a remnant polarization and a remnant 
strain is maintained in the sample and because of which the sample exhibits 
piezoelectricity. A simple illustration of the poling process is shown in Fig. 2.9. 
2.3.7.3 Piezoelectric Coefficients  
2.3.7.3.1 Piezoelectric Charge Coefficient  
As explained in the previous chapter, either direct or converse piezoelectric 
effects can be employed for evaluation of piezoelectric coefficients.  Measurement of the 
piezoelectric coefficients using the direct piezoelectric effect is done by applying a 
normal load to a ferroelectric capacitor and then measuring the charge on the electrodes. 
To measure the piezoelectric coefficients using the converse piezoelectric effect, an 
electric field is applied and the strain in the ferroelectric material is measured. The 
equations for the direct and converse piezoelectric effects are given as: 
Direct effect: )15.2(TdD =   
 
Converse effect: )16.2(EdS =  
 
where, ‘ d ’ is the piezoelectric charge coefficient, ‘ D ’ is the dielectric displacement, ‘T ’ 
is the mechanical stress, ‘ E ’ is the electric field and ‘ S ’ is the mechanical strain. Higher 
value of ‘ d ’ is desirable for materials intended to be developed for applications which 
use motion or vibration, such as sonar or ultrasonic cleaner or transducers [24]. Since, 
piezoelectric coefficient is direction dependent i.e., it is a tensor quantity; the longitudinal 
piezoelectric coefficient (d33) is the value of the piezoelectric coefficient that applies to 
the distortion measured in the same direction as that of the applied external electric field 
[39].  The strain induced in a piezoelectric material by an applied electric field depends 
on the value of E  and d , which decides the material's suitability for strain-dependent 
(actuator) applications [40]. 
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2.3.7.3.2 Electromechanical Coupling Coefficient 
The electromechanical coupling factors, k33, k31, kp, and k15 describes the 
effectiveness with which a piezoelectric material converts electrical energy into 
mechanical energy, or converts mechanical energy into electrical energy. ‘k’ can be 
determined from the dimension of the sample. In the k33, k31, and k15 electromechanical 
coupling coefficient notations, the first subscript denotes the direction along which the 
electrodes are connected; the second denotes the direction along which the mechanical 
energy is applied, or developed. In general, the electromechanical coupling factor can be 
expressed as [41]: 
 
)17.2(2
energymechanicalInput
energyelectrialtoconvertedenergyMechanicalk =  
 
)18.2(2
energyelectricalInput
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In contrast to static DC conditions, the behavior of the piezoelectric materials is 
much more complex under dynamic DC conditions. Generally, it is characterized in terms 
of an equivalent electrical circuit, which exhibits both parallel and series resonance 
frequencies. The frequency of the minimum impedance ( rf ) and the frequency of the 
maximum impedance ( af ) of a typical ferroelectric material are shown in Fig.2.10. 
 
 
Fig. 2.10: A typical impedance vs. frequency curve of a ferroelectric material showing 
the resonance and anti-resonance frequencies [42].  
These rf and af frequencies are called as resonance and anti-resonance 
frequencies, respectively. The resonance frequency is the frequency at which the sample 
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vibrates most readily and converts the input electrical energy into the mechanical energy 
most efficiently [43]. Fig.2.10 shows that initially with the increase of frequency, the 
impedance decreases and reaches a minimum value at rf and with the further increase in 
frequency the impedance increases and reaches a maximum value at af . The resonance 
frequency measurement of a material is strongly dependent upon its geometry. For a thin 
disc of piezoelectric ceramic, the planar mode coupling coefficient ( pk ) expresses radial 
coupling which is the coupling between the electric field parallel to the direction in which 
the ceramic element is polarized and mechanical effects that produce radial vibrations. 
pk value measured from rf and af values can be calculated by using the following 
relation, [44] 
)19.2()(51.22
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p f
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To assure the resonance behavior, sample geometry must be chosen carefully 
[43]. Geometries, suitable for measuring the different piezoelectric and elastic 
coefficients, are given in Table 2.1. 
Table 2.1: Sample geometries for measurement of material properties. 
  
 
 
 
 
 
 
Dimensional 
Requirement 
Long, slender, 
length poled rod; 
l > 3d 
Thin flat plate, thickness 
poled; 
l > 3.5t, w 
Thin flat disc, thickness 
poled d>10t 
Properties 
Measured 
M
E
DT
Qgds
skK
,33,3333
33,333
,
,,tan, δ
 
M
E
DT
Qgds
skK
,31,3111
11,313
,
,,tan, δ
 Mp
T QkK ,tan, ,3 δ  
 
2.3.8 Ferroelectric P-E Loop Study 
The most important characteristic of a ferroelectric material is the polarization 
reversal (or switching) by an applied external electric field. Mainly, the domain wall 
switching in the ferroelectric materials leads to the development of polarization vs. 
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electric field ( EP − ) hysteresis loop. The hysteresis loop is the polarization responding 
to an applied voltage, P(V). Its derivative with respect to voltage is expressed by, 
)20.2(/
Area
VQ
V
P δδ
δ
δ
=  
 
The domain switching in a ferroelectric material, results a ferroelectric hysteresis 
loop[30], shown in Fig. 2.11.At small values of the electric field, the polarization 
increases linearly with the increase of field amplitude. As the field is increased, the 
unfavourable direction of the polarization will start to switch in the direction of the field, 
rapidly increasing the measured charge density. An ideal hysteresis loop is symmetrical 
and in this case, +EC= −EC and +PR= −PR, known as the coercive field and remnant 
polarization, respectively. The shapes of the P-E loop are affected by many factors such 
as the thickness of the sample, the presence of charged defects, mechanical stresses, 
preparation conditions, thermal treatment etc. The mechanism of polarization switching 
has been studied in detail for many bulk and thin-film ferroelectrics [39]. The polarization 
reversal takes place by the growth of existing antiparallel domains, by domain-wall 
motion, and by nucleation and growth of new antiparallel domains,  shown in Fig. 2.12 
[45]. 
 
 
 
Fig. 2.11: Ferroelectric hysteresis ( EP − ) loop (Circles with arrows represent the 
polarization state of the material at the indicated fields) [46]. 
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Fig.2.12:Probable sequence of polarization switching in ferroelectrics: (a) nucleation of 
oppositely oriented domains, (b) growth of oppositely oriented domains, (c) sidewise 
motion of domain walls and (d) coalescence of domains [45]. 
 
2.3.9 Polarization Fatigue Study 
Polarization fatigue of ferroelectrics is the systematic suppression of switchable 
polarization after a repeated number of electrical pulses [47].The fatigue property in 
ferroelectric materials degrades their behavior and it is of particular concern for realizing 
their applications in memory devices. Although both bulk and thin-film materials are 
prone to ferroelectric fatigue, the mechanisms of this anomaly are still not well 
understood. However, extensive study on polarization fatigue has generated a large body 
of experimental data that led to many theoretical models of the fatigue phenomenon [47, 
48]. Among several mechanisms proposed for the origin of polarization fatigue, the 
simplest and earliest one is the reduction of the effective area of the electrodes of the 
capacitors [49]. A decrease in the effective size of the capacitor can contribute to a 
decrease in the total switchable polarization due to failure of the electrode after a number 
of switching cycles. If this mechanism is the origin of the fatigue then the remnant 
polarization, switchable polarization and capacitor area are all reduced by the same 
factor. The second mechanism is the reduction of the effective electric field by the 
formation of a passive layer [50]. 
However, the domain wall pinning is regarded as the main conventional 
mechanism responsible for the fatigue in ferroelectric materials [51, 52]. In this pinning 
mechanism, mobile defects such as oxygen vacancies and electronic charge carriers get 
trapped at the domain walls. The domain walls get pinned and the domains surrounded by 
the pinned domain walls do not continue to switch. Fig. 2.13 is an illustration of the 
domain wall pinning mechanism. Warren et al. [53] proposed this mechanism by 
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observing polarization fatigue in PZT thin films. According to their study, electronic 
charge carriers generated by optical and thermal treatments were trapped at domain 
boundaries, which led to a polarization discontinuity. Accumulation of electronic charge 
carriers makes the polarization reorientation difficult under an electric field. 
 
 
 
Fig.2.13: Schematic diagrams of fatigue mechanism domain wall pinning (dashed lines 
are domain walls and black circles are trapped defects) [54]. 
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Chapter 3 
 
Experimental Details 
 
3.1 Introduction 
This chapter presents the various steps involved in the synthesis of the selected 
Na0.5Bi0.5TiO3 and SrBi2Ta2O9 based systems as well as their ceramic-ceramic composite 
systems. Further, a brief detail of the different experiments performed on the studied 
samples, using various characterization techniques, is also discussed. 
3.2 Synthesis of the Selected Ceramics  
Solid state reaction route (SSRR) was employed for the synthesis of the selected 
ceramic samples. Detail of different ceramic samples, synthesized in this thesis work, is 
listed in Table 3.1.  
Table 3.1: Synthesized materials.  
Perovskite materials BLSF materials 
 
(1-x)Na0.5Bi0.5TiO3-xBaTiO3/NBT-xBT 
(1-x)Na0.5Bi0.5TiO3-xK0.5Na0.5NbO3/NBT-xKNN 
(where x=0.05, 0.06, 0.07, 0.08) 
 
SrBi2Ta2O9/SBT, 
Sr0.8Bi2.15Ta2O9/SBexT and 
SrBi2(Ta0.925W0.075)2O9/SBTW 
 
Perovskite-BLSF ceramic-ceramic composites 
 
(1-ϕ)(0.93 Na0.5Bi0.5TiO3-0.07 BaTiO3/ NBT-BT)-ϕ Sr0.8Bi2.15Ta2O9T 
(1-ϕ)(0.93 Na0.5Bi0.5TiO3-0.07 K0.5Na0.5NbO3/ NBT-KNN)-ϕ Sr0.8Bi2.15Ta2O9 
(Where ϕ= 2, 4, 8, 12, 16 wt. %) 
 
In the present work, commercially available high purity (≥ 99%) powder 
precursors, as listed in Table. 3.2; were used as the starting raw materials for the synthesis 
of the selected materials. 
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Table 3.2: Precursors used in the synthesis of the selected materials. 
Chemical Name Chemical Formula Purity Manufacturer 
Bismuth oxide Bi2O3 99.9% Alfa Aesar 
Sodium carbonate Na2CO3 99.99% Merck 
Titanium oxide TiO2 99.9% Merck 
Barium carbonate BaCO3 99.9% Merck 
Potassium carbonate K2CO3 99.9% Loba Chemie 
Niobium pentoxide Nb2O5 99.9% Merck 
Strontium carbonate SrCO3 99.9% Merck 
Tantalum oxide Ta2O5 99.9% Alfa Aesar 
Tungsten oxide WO3 99.9% Merck 
 
Table 3.3: Details of the selected material processing steps. 
Ceramic Composition Precursors Optimized 
Calcination 
Temp.(oC)/ 4 h 
Optimized 
Sintering 
Temp.(oC)/ 
4h 
Sample 
Notation 
Pe
ro
vs
ki
te
 
(1-x)Na0.5Bi0.5TiO3-xBaTiO3 
(x=0.05, 0.06, 0.07, 0.08) 
Bi2O3, Na2CO3, 
TiO2,  
BaCO3 
 
1000 
 
1150 
 
NBT-xBT 
(1-x)Na0.5Bi0.5TiO3-x 
K0.5Na0.5NbO3 
(x=0.05, 0.06, 0.07, 0.08) 
Bi2O3,Na2CO, 
TiO2, K2CO3, 
Nb2O5 
 
800 
 
1100 
 
NBT-xKNN 
BL
SF
 
SrBi2Ta2O9  
SrCO3, 
Bi2O3, 
Ta2O5, 
 
 
 
1000 
 
1150 
 
SBT 
Sr0.8Bi2.15Ta2O9  
1200 
 
SBexT 
SrBi2(Ta0.925W0.075)2O9 SrCO3,Bi2O3, 
Ta2O5,WO3 
 
1150 
 
SBTW 
Pe
ro
vs
ki
te
-B
LS
F 
 
(1-ϕ)(0.93 Na0.5Bi0.5TiO3-0.07 
BaTiO3)-ϕ Sr0.8Bi2.15Ta2O9 
(ϕ= 2, 4, 8, 12, 16 wt. %) 
Calcined NBT-
BT and SBexT 
 
____ 
 
 
1150 
(1- ϕ)(NBT-
BT)- 
ϕ(SBexT) 
(1-ϕ)(0.93 Na0.5Bi0.5TiO3-0.07 
K0.5Na0.5NbO3)-ϕ 
Sr0.8Bi2.15Ta2O9 
(ϕ= 2, 4, 8, 12, 16 wt. %) 
Calcined NBT-
KNN and SBexT 
 
 
____ 
 
1150 
(1- ϕ)(NBT-
KNN)- 
ϕ(SBexT) 
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 The various steps involved in the processing of the selected ceramic samples by 
SSRR are already mentioned in the flow chart, given in the previous chapter (Fig.2.1). 
The raw materials with defined purity, given in Table 3.2, were used for the synthesis of 
the corresponding ceramic compositions, listed in Table 3.3. Stoichiometric weights of 
the starting precursor powders were taken into a jar and ball milled with acetone using 
zirconia balls as grinding media for 12 hours. DSC and TGA were carried out of the ball 
milled uncalcined powders in the temperature range of 30–1000°C with a constant 
heating rate of 10oC per minute. The dried mixed powders were calcined at different 
temperatures (ascertained from TGA/DSC analysis) in normal atmosphere and the 
formation of single phase of the calcined powders of the NBT-xBT, NBT-xKNN, SBT, 
SBexT, SBTW ceramic samples were examined by X-ray diffractometer. The optimized 
calcined temperatures are listed in Table 3.3. Perovskite-BLSF ceramic-ceramic 
composites were prepared by taking calcined powders of the selected perovskites and 
BLSF ceramic powders. Polyvinyl alcohol (PVA) binder solution (3wt.%) was added 
into the calcined powders, which were compressed into pellets called green pellets of 
~10 mm in diameter and ~1 mm in thickness, using a hydraulic press with a pressure ~ 
70MPa. The green pellets were sintered in normal atmosphere at different temperatures 
(below their melting point) with a heating rate of 5°C/min. Optimized sintering 
temperatures are also listed in  Table 3.3.  
3.3 Characterization Techniques Used 
This section presents the details about the different characterization instrument, 
used for the present study. 
3.3.1 Thermal Analysis 
For DSC analysis of the studied samples, temperature program is designed in such 
a way that the sample holder temperature varies linearly as a function of time. The 
reference sample should have a well-defined heat capacity over the range of temperatures 
to be scanned. DSC measures the difference in the amount of heat required to increase 
the temperature of the sample and reference, which is measured as a function of 
temperature. Both the sample and the reference are maintained at nearly same 
temperature throughout the experiment. Generally, the temperature program for a DSC 
analysis is designed such that the sample holder temperature increases linearly as a 
function of time. However, TGA is the measure of weight change of the specimen as a 
function of temperature. The specimen powder is placed on a refractory pan (mostly 
alpha alumina or platinum). The pan is suspended from a high precision balance. A 
thermocouple is in close proximity to the specimen but not in contact, so as not to 
interfere with the free float of the balance. The balances are electronically compensated 
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so that the specimen pan does not move when the specimen gains or losses weight. In the 
present study, DSC/TGA experiments has been performed by taking ~10 mg of ball 
milled powder samples and heated at a constant heating rate of 10oC per minute by using 
Netzsch, STA 449C. 
3.3.2 Structural Study 
X-ray diffraction patterns of all the ceramic samples were studied for confirming 
about the single perovskite phase formation. XRD analysis was performed on Rigaku 
Ultima-IV using Cu Kα (λ=0.15405 nm) radiation. The diffraction data was taken in the 
2θ range from 20o to 60o-80o. Firstly, the Cu Kα radiation was stripped from the collected 
XRD data by using standard software “X’pert high score”. Then the crystal structure and 
the crystallographic parameters of the samples were determined from their respective 
diffraction peaks.  
3.3.3 Density and Morphology Study 
The experimental density of the sintered samples was measured using Archimedes 
method. In the present work, kerosene oil was used as the immersion medium. First, the 
dry weights of the sintered samples were measured. The sintered samples were then 
immersed in a glass beaker containing kerosene oil and kept in a desiccator connected 
with a suction pump for creating vacuum in it till the kerosene oil filled up the open pores 
of the ceramic samples completely, which is confirmed by observing the glass beaker to 
become bubbles free. Then the ceramic samples were suspended in kerosene oil with the 
help of a specially designed hanging pan to hold the ceramic samples inside kerosene oil 
and the suspended weights were measured. The soaked weights of the ceramic samples 
(whose pores are filled with kerosene oil) were also measured and the experimental 
density was calculated by the following formula; 
)1.3()ker(81.0 oseneofDensity
weightSuspendedweightSoaked
weightDry
ex ×





−
=ρ  
The SEM micrographs were taken using JEOL SEM- 6480LV and JEOL T-330. 
In order to avoid the potential build up during the measurement, the samples (non-
conducting) were coated with platinum/gold using a sputter coater. Average grain size of 
the samples was measured using linear intercept method by using “ImageJ software”. 
Firstly, the scale was set by comparing the length scale from the SEM images. Secondly 
the diagonal lines were drawn on a maximum number of grains (to minimize the error) 
and the lengths were calculated. The average value of grains was calculated by dividing 
the total intercepted grain length by the number of grains. 
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3.3.4 Electroding of the Samples  
The sintered pellets were polished and cleaned with acetone. Sufficient care was 
taken for keeping the faces of the pellets parallel. A thin layer of silver paste was applied 
on both sides of the samples and fired in a muffle furnace at 300°C for 15 min to ensure 
good adhesion. The sintered ceramic pellets now act as dielectric medium between the 
two parallel silver metallic plates and can be subjected to various electrical 
measurements. 
3.3.5 Poling  
The schematic diagram of the corona discharge poling method is shown in 
Fig.3.1. The unit consists of a bottom electrode (metallic plate) and sharp pointed corona 
needle (top electrode), made of brass of diameter ~ 2mm. A ring-shaped grid of ~12 mm 
diameter, made of thin copper wire, was kept between the tip of the corona needle and the 
base plate in such a way that the tip of the needle is ~1mm above the center of the grid. 
 
Fig.3.1: Schematic of the corona poling technique [1]. 
The samples were placed on the metallic base plate and a high voltage (5-6 kV) 
was applied between the corona point and the base plate. The chosen voltage was slightly 
higher than the voltage at which corona discharge starts. A bias voltage (1.5 kV) was 
applied between the grid and the metallic plate to accelerate the ions caused by 
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breakdown of air. The samples were subjected to corona discharge for 30 minutes at RT 
and then the field was removed. This poling technique is better than the DC poling 
technique in terms of the safety of the samples. In corona poling of the samples, there is 
no need of putting the samples in silicon oil (which is usually done in DC poling of 
samples to avoid the breakdown through sideways), since there is no direct contact of the 
electrodes with the samples.  
3.3.6 Dielectric Measurements 
The dielectric measurements of the samples were carried out by using a computer 
interfaced HIOKI 3532-50 LCR Hi-Tester, shown in Fig. 3.2. The interfacing of the 
instrument was done by using “Lab VIEW software”. Dielectric parameters, rε and δtan , 
were measured as a function of temperature at different frequencies (1kHz-1MHz). For 
temperature dependent dielectric measurements, the samples were heated with a heating 
rate of 2oC/min and the corresponding dielectric data were recorded at an interval of 1oC. 
rε was calculated by using the following relation [2]: 
)2.3(
A
tC
o
r ×
×
=
ε
ε  
where, C  is the measured capacitance, t  is the thickness of the sample, A  is the surface 
area of the sample and oε is the permittivity of the free space (~ 8.854 × 10 
-12 F/m) [1]. 
 
Fig. 3.2: HIOKI-LCR meter (3532-50 HI-TESTER). 
 
3.3.7 Polarization vs. Electric Field ( EP − ) Measurements 
The RT ferroelectric hysteresis ( EP − ) loops of the studied ceramic samples were 
measured using Precision Premier II, a standard ferroelectric testing machine (Radiant 
Technology). The ferroelectric measurements were done based on the virtual ground 
measuring system, shown in Fig.3.3. The trans-impedance amplifier maintains the 
precision return terminal at a virtual ground potential in this configuration. All the 
charges, which flow through the sample as a result of the applied drive voltage, are 
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collected by the integrator circuit and the voltage generated on the output of the integrator 
is then measured and translated into the test results that are displayed by the “Vision 
software”. The precision drive and return circuitry are matched with respect to speed and 
current sinking ability; therefore the precision testers can reject errors that might occur 
when the drive makes a transition faster than the trans-impedance amplifier. This enables 
the precision testers to accurately measure a large range of capacitance values over a wide 
range of speeds [3]. The unit image of the precision premier II is given in Fig. 3.4. 
 
 
Fig. 3.3: Schematic of the virtual ground measuring system [3]. 
 
 
Fig. 3.4: Precision premier II unit. 
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3.3.8 Piezoelectric Constant ( 33d ) Measurements  
The piezoelectric coefficient ( 33d ) of the studied samples was measured by a 
quasi-static method using a Piezometer (YE2730A 33d  Meter, APC International Ltd.). 
The piezoelectric coefficient, 33d , is defined by the following relation: 
)3.3(33
Es
s
T
Dd 





=  
Where, sD is the charge density (C/m
2) and sT is the mechanical stress (N/m
2) at constant 
electric field ( E ). Figure 3.5 shows a schematic diagram for the 33d  measurement using 
the Piezo-Meter. Equation 3.3 can be simplified as follows: 
)4.3(
)/(
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33 F
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s ===
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
=  
Where,C  is the shunt capacitance and V is the potential difference across the shunt 
capacitor. 
 
Fig. 3.5: Schematic diagram of the 33d  measurement process [4]. 
When a force (F) is applied on an area (A) of a poled sample by the upper and lower 
probes then due to the piezoelectric effect, a charge (Q) is produced. Hence, piezoelectric 
charge coefficient ( 33d ) measurement relates with the development of charge on the 
surface of the sample. The Piezo-Meter measures this potential difference, calculates the 
33d  (in pC/N) of the sample and displays the value digitally.  
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3.3.9 Resonance and Anti-resonance Frequency Measurement  
Resonance ( rf ) and anti-resonance ( af ) frequencies, used to calculate the 
electromechanical coupling coefficients ( pk ), were measured by using HIOKI 3532-50 
LCR HiTESTER. In the frequency vs. impedance graph, the point where impedance is 
minimum is called as resonance frequency and the point where impedance is maximum is 
called anti-resonance frequency. Relation between pk , rf and af values is given in  
chapter 2. 
3.3.10 Strain vs. Electric Field Measurements  
The strain vs. electric field (S-E) loops of the studied ceramic samples were 
measured by using the MTI-2100 Fotonic Sensor, associated with the Precision Premier 
II (Radiant Technology) unit. The schematic of the MTI-2100 Fotonic Sensor is shown in 
Fig. 3.6. The Fotonic Sensor unit consists of a dual-channel, fiber-optic measurement 
system that performs non-contact displacement and vibration measurements. The Fotonic 
Sensor utilizes the adjacent pairs of light-transmitting and receiving fibers which are 
bundled together. The displacement is based on the interaction between the field of 
illumination of the transmitting fibers and the field of view of the receiving fibers. The 
sample with electrode on both sides is connected into an external voltage source. The 
distance between the sample and the Fotonic probe is adjusted by a screw device. At 
contact or zero gaps, most of the light exiting the transmitting fibers is reflected directly 
back into the same fiber, providing a very little amount of light to the receiving fiber and 
produces a zero output signal. With an increase in the probe to the target distance [Fig. 
3.6(b)], the amount of light being captured by the receiving fiber increases. This process 
continues until the entire face of the receiving fibers is illuminated with the reflected 
light. This point is called the “optical peak” and corresponds to maximum voltage output 
of the electrical signal. Further increase in distance would cause the diverging field of 
reflected light to exceed the field of view of the receiving fiber, thus causing a reversal in 
the output-versus-distance signal relationship. Therefore, “optical peak” point 
corresponds to maximum received signal at the receiving fiber. During the S-E 
measurements, firstly the distance between the sample and the Fotonic probe is reduced 
by screwing backwards to get away from the optical peak to the point that gives rise to 
minimum intensity of received light, secondly; distance between the sample and the 
Fotonic probe is adjusted to get the Fotonic meter value ~3.5 V, thirdly; the Fotonic 
sensor is calibrated and finally; the electrical signal is applied. Any displacement of the 
sample in response to the electric field would be compared with the optical peak and 
gives the relationship of displacement versus electric field(S-E) curve. 
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Fig. 3.6: A setup for the measurements of ES −  loop (a) fiber–optical probe tip 
configurations (b) displacement sensing mechanism of adjacent fiber optical elements. 
3.3.11 Leakage Current Measurement 
The leakage current measurement of the studied samples was carried out by using 
the Precision Premier II (Radiant Technology) ferroelectric tester with the help of 
“Vision” software. Ferroelectric materials are mainly used as capacitors under the 
application of an external voltage, which leads to unavoidable occurrence of leakage 
current through the samples. Measurement of this leakage current can be carried out by 
the Precision tester. The sample is subjected to a constant DC bias voltage. Before the 
measurement begins, a programmable delay or "Soak" period passes through the sample, 
which is intended to allow the passage of any polarization switching current or other 
currents, induced by the application of the voltage. After the delay period, a measurement 
period begins in which the current through the sample is regularly sampled and recorded. 
The leakage test stimulus and the measurement profile are shown in the Fig. 3.7. 
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Fig. 3.7: Leakage test stimulus and measurement profile [3]. 
 
The current is sampled as frequently as possible during the time of leakage measurement. 
Sampling is restricted by the duration of the measurement and is adjusted to be the 
maximum number of possible points, given minimum and maximum per-point sample 
times. The current through the device under test is measured directly by the precision 
circuitry system. The other parameter, resistance (in Ohms), can be derived simply from 
the current measurement given by: 
)5.3()(/)(tanRe AmpsCurrentVoltsDCcesis =Ω  
 
The main parameters specified by the user to configure the leakage measurement are the 
DC bias voltage, the soak time (ms) and the measurement time (ms). 
3.3.12 Polarization Fatigue Measurement 
The fatigue experiments were performed using the Radiant Precision Premier II 
(Radiant Technology) ferroelectric tester under long duration task using the “Vision” 
software. The measurement performs a complete fatigue characterization by first 
performing a pre-fatigue baseline PUND measurement; consisting of five pulses applied 
to the sample. Among the five pulses, the first pulse is a preset, switching the sample into 
a specific polarization state and is an unmeasured pulse.  The second pulse is in the 
opposite direction of the Preset, switching the sample state.  At the top of the pulse, the 
switched polarization value P* (µC/cm2) is measured.  After the pulse, the zero-Volt P*r 
(µC/cm2) value is measured.  The third pulse is in the same direction as the second.  It 
measures unswitched polarization P^ (µC/cm2).  And, again at zero volts, P^r (µC/cm2) is 
measured. The fourth and fifth pulses repeat the second and third pulses in the opposite 
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voltage direction, giving -P* (µC/cm2), -P*r (µC/cm2), -P^ (µC/cm2) and –P^r (µC/cm2) 
parameters. Then a series of stress/measure cycles are performed in which an unmeasured 
waveform is applied for a period of time, followed by a PUND measurement.  Each 
subsequent stress period adjusts its duration.  Normally, the task is configured with longer 
stress periods at each stress/measure cycle, but this is entirely under user’s control. Fig. 
3.8 shows the fatigue measurement signal profile of the sample under test.  
 Elements of the experiment that are under user control include: 
• Triangular waveform (most common choice). 
• Maximum stress voltage. 
• Stress waveform frequency. 
• PUND measurement voltage. 
• PUND measurement pulse width. 
• Number of stress/measure cycles. 
• Method of adjusting the stress period between cycles. 
 
 
 
  
Fig. 3.8: Fatigue measurement signal profile [5]. 
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Chapter 4 
 
Dielectric, Piezoelectric, and Ferroelectric Properties of 
NBT-xBT and NBT-xKNN Ceramics near MPB 
 
 
4.1 Introduction 
(1-x)Na0.5Bi0.5TiO3-xBaTiO3/NBT-xBT and (1-x)(Na0.5Bi0.5TiO3)-xK0.5Na0.5NbO3 
/NBT-xKNN (where x=0.05, 0.06, 0.07, 0.08) are the solid solutions of perovskite-
structured NBT system with BT and KNN systems, respectively. In literature, it is 
reported that there exist an MPB in these systems within the above mentioned 
compositional ranges. For the NBT-xBT system, the MPB lies within the 0.06 ≤ x ≤ 0.08 
ranges [1] and for the NBT-xKNN system, the MPB lies for x ≈ 0.07 [2]. Though, there 
are many reports on the NBT-xBT system and few reports on the NBT-xKNN system, yet 
the leakage current and polarization fatigue properties of these systems have not been 
studied in detail, which are detrimental for their use in many practical device 
applications. Therefore, in the present chapter along with structural, dielectric, 
piezoelectric and ferroelectric properties, the leakage current and the bipolar polarization 
fatigue behaviors of these systems are investigated and discussed in detail. 
4.2 Thermal Analysis 
Figs. 4.1(a) and (b) shows the DSC and TGA curves of the ball milled dried 
uncalcined powders of the NBT-xBT and NBT-xKNN systems with x=0.06 
compositions, respectively. From the DSC and TGA curves, the solid-state reactions of 
both the NBT-BT and NBT-KNN powders show distinct mass losses, respectively. The 
initial mass loss ~ 100oC, is due to the evaporation of moisture and water content, present 
in both the powders. Decomposition of the carbonate groups of both the systems takes 
place in the 400-800°C temperature range. Among the carbonate groups, Na2CO3 is less 
stable, therefore it starts losing CO2 at lower temperature (~400 °C) [3]. Therefore, 
weight loss, observed just above 400°C, can be associated with the decomposition of 
Na2CO3. The overall weight loss from the room temperature (RT) to ~980°C is ~13.42% 
and from RT to ~ 770°C, it is ~12.75% for the NBT-BT and NBT-KNN powders, 
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respectively. For temperatures above 980°C and 770°C, there is no substantial weight 
loss, which suggest about the probable calcination temperatures of the NBT-BT and 
NBT-KNN powders, respectively. 
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Fig.4.1: DSC and TGA curves of ball milled powders of x=0.06 compositions of (a) 
NBT-xBT, and (b) NBT-xKNN systems. 
 
4.3 XRD Study 
The X-ray diffraction (XRD) studies of the calcined NBT-xBT and NBT-xKNN 
(x=0.05, 0.06, 0.07, 0.08) ceramic powders are given in the following subsections. 
4.3.1 XRD Study of the NBT-xBT Ceramics 
The XRD patterns of the calcined NBT-xBT ceramic samples near MPB 
(0.05≤x≤0.08) are shown in Fig. 4.2. The XRD patterns reveal the single perovskite phase 
formation without any trace of secondary phase peaks, which confirm the complete solid 
solution formation of the BT system with the NBT system [4]. A close inspection of each 
diffraction peak shows that there is no splitting or broadening in the 2θ between 40o and 
46o range for all the compositions, which indicates that all these compositions have 
pseudo-cubic distortions [5]. Similar type of behavior is also reported by Rajeev et al. in 
the NBT-BT system [5]. The lattice parameters of rhombohedral NBT-xBT 
(0.05≤x≤0.08) ceramic samples are refined in hexagonal setting by using the standard 
computer program “POWD” [6]. The transformation expressions, used for rhombohedral 
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(rh) (pseudo-cubic) to hexagonal (hex) symmetry, are taken from the earlier report on the 
NBT-BT system  by Picht et al. [1]. The rhombohedral (pseudo-cubic) unit cell 
parameters of the NBT-xBT (0.05≤x≤0.08) ceramic samples are given in Table 4.1.    
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Fig. 4.2: XRD patterns of the calcined NBT-xBT ceramic samples  with x = (a) 0.05, (b) 
0.06, (c) 0.07, and (d) 0.08.  
Table 4.1: Lattice parameters a, c (Å) and α (o) of NBT-xBT (x=0.05, 0.06, 0.07, 0.08) 
ceramics. 
BT content ahex chex arh αrh 
x = 0.05 5.5062(4) 13.4615(2) 3.8909(2) 90.07(3) 
x = 0.06 5.5105(8) 13.4724(6) 3.8940(1) 90.07(5) 
x = 0.07 5.5019(3) 13.4173(5) 3.8847(4) 90.17(2) 
x = 0.08 5.5143(6) 13.4724(9) 3.8823(4) 90.09(6) 
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As the XRD peaks showed pseudo-cubic distortions, it was difficult to observe the 
peak splitting remarkably. However, as shown in Fig. 4.3, the peak positions and 
intensities were analyzed with the software package “Peakfit” using a symmetric Gauss–
Lorentz profile function. Deconvolution of XRD patterns of NBT-xBT (x=0.07) at 2θ ~ 
46° is observed, which is indexed as (200)R, (200)T and (002)T after deconvolution of the 
peak at the same position, corresponding to rhombohedral and tetragonal structures, 
respectively. Therefore, presence of double structures confirms the MPB nature of NBT-
BT system. The tetragonal volume fraction was calculated using the formula: 
)1.4(%100(%)
)200()200()002(
)200()002( ×
++
+
=
rhtrtr
trtr
tr III
II
V  
Where, Irh(2 0 0) is the integral intensity of rhombohedral (2 0 0) reflection; Itr(0 0 2) and Itr(2 0 
0) are the integral intensities of tetragonal (0 0 2) and (2 0 0) reflections, respectively. The 
rhombohedral volume fraction can be calculated as Vrh =1−Vtr [1]. Using the above 
relations, volume fraction ratio of the rhombohedral and tetragonal phases of the MPB 
composition of NBT-xBT (x=0.07) was calculated to be 40:60. 
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Fig. 4.3: XRD peak splitting at 2θ ~ 46° for NBT-xBT with x=0.07. 
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4.3.2 XRD Study of the NBT-xKNN Ceramics 
  Fig. 4.4 shows the XRD patterns of the calcined NBT-xKNN powder 
samples. Formation of single perovskite phase without any trace of secondary phase was 
confirmed in all the compositions of the NBT-xKNN systems. For knowing the crystal 
structure, the standard deviations (S.D. = dobs- dcal) was taken into account, which must be 
minimum (where, d is interplanar spacing). The best agreement between the observed 
(obs) and the calculated (cal) ‘d’ values, and the Bragg angles are found for the 
rhombohedral and the tetragonal structures in the x = 0.07 composition of the NBT-
xKNN system. The presence of double structures confirms the MPB nature of this 
composition. Whereas, the rhombohedral structure is observed for both x=0.05 and 0.06 
compositions and a single tetragonal structure is observed for the x=0.08 composition. 
The rhombohedral crystal structure of the NBT-xKNN ceramics are indexed in hexagonal 
setting by using the standard computer program “POWD” and the lattice parameters and 
the crystal structures are given in Table 4.2 [6].  The simulated XRD patterns of the NBT-
xKNN ceramics exhibiting rhombohedral and tetragonal symmetry are also given as 
standard pattern in Fig. 4.5 [7]. 
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Fig. 4.4: XRD patterns of calcined NBT-xKNN ceramic samples with x = (a) 0.05, (b) 
0.06, (c) 0.07, and (d) 0.08. 
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Fig. 4.5: The standard patterns of the rhombohedral and the tetragonal symmetries of 
NBT-xKNN samples [7]. 
Table 4.2: Lattice parameters of NBT-xKNN (x=0.05, 0.06, 0.07, 0.08) ceramics. 
KNN content Lattice parameters Crystal Structure 
 a(Å) c(Å)  
x=0.05 5.5042(4) 13.5511(2) Rhombohedral 
x=0.06 5.5058(2) 13.5303(1) Rhombohedral 
 
x=0.07 
5.5072(2) 13.5271(9) Rhombohedral 
3.8952(1) 3.9125(7) Tetragonal 
x=0.08 3.8987(2) 3.9037(5) Tetragonal 
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To evaluate the tetragonal or rhombohedral phase contents for MPB composition 
of NBT-xKNN (x=0.05, 0.06, 0.07, 0.08) systems, the tetragonal (0 0 2) and (2 0 0) 
reflections (44.5–47.5o 2θ) were measured with a slow scan rate as shown in the Fig. 4.6 
[1]. Using the relations (4.1), volume fraction ratio of the rhombohedral and tetragonal 
phases of the MPB composition NBT-xKNN (x=0.07) was calculated to be 32:68. 
45.4 45.6 45.8 46.0 46.2 46.4 46.6 46.8 47.0 47.2 47.4 47.6
 Observed
 Calculated
 Fit (002)tr
 Fit (200)rh
 Fit (200)tr
  
 In
te
ns
ity
 (a
.u
.) 
 
2θ°  
Fig. 4.6: XRD peak splitting at 2θ ~ 46° for NBT-xKNN with x=0.07. 
4.4 Density and Morphological Study 
4.4.1 Density and Morphological Study of the NBT-xBT Ceramics 
Fig. 4.7 shows the SEM micrographs of all the sintered NBT–xBT (x =0.05, 0.06, 
0.07, 0.08) ceramics. From the micrographs, densely packed and non-uniform distribution 
of the rectangular shaped grains of all the NBT–xBT ceramics can be observed. The 
slight inhibition of grain growth with the increase of BT addition into the NBT system is 
noticed with the initial increase of BT content. This may be related to the segregation of 
Ba2+ ions near the crystal boundaries, which might have affected the migration of other 
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ions and contributed against the growth of grains [8]. But, no remarkable change in grain 
size is observed with the variation of the BT content in the NBT–xBT system. Linear 
intercept method was used to find out the average grain size of all the NBT–xBT 
ceramics using “ImageJ” software. The average grain size of the MPB compositions of 
NBT–xBT system are given in Table 4.3.    
 
Fig. 4.7: SEM micrographs of NBT-xBT ceramics with x = (a) 0.05, (b) 0.06, (c) 0.07, 
and (d) 0.08. 
Experimental density (ρex) of all the NBT-xBT ceramic samples was calculated by 
using the Archimedes’ principle and its values are listed in Table 4.2. Highest ρex, which 
is ~ 98.30% of the theoretical density (ρth), was obtained for the x=0.07 ceramic samples.  
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Table 4.3: Average grain size, and experimental density of NBT-xBT (x=0.05, 
0.06, 0.07, 0.08) ceramics. 
BT content Average grain size (μm) Experimental density(g/cc) 
x = 0.05 2.53 5.88 
x = 0.06 2.48 5.86 
x = 0.07 2.50 5.89 
x = 0.08 2.45 5.80 
 
4.4.2 Density and Morphological Study of NBT-xKNN Ceramics 
The SEM micrographs of the sintered NBT-xKNN (x=0.05, 0.06, 0.07, 0.08) 
ceramic samples are shown in Fig. 4.8. Closely packed, rectangular shaped and non-
uniform arrangement of grains can be seen from the SEM micrographs. Since, non-
uniform microstructure is a characteristic of KNN system [9], the non-uniformity of the 
NBT-xKNN grains can be attributed to the substitution of KNN in the NBT system. The 
average grain size was also calculated by linear intercept method using ‘ImageJ’ software 
and given in Table 4.4. The average grain size increases with the initial increase of KNN 
substitution in the NBT system and starts decreasing for the x=0.08 composition. This 
suggests that the excess substitution of KNN in the NBT-xKNN system acts as grain 
growth inhibitor [10]. The experimental density (ρex) of the sintered NBT-xKNN ceramic 
samples is given in Table 4.4. The initial increase of grain size and ρex with the increase 
of KNN content in NBT-xKNN system may be due to the formation of liquid phase 
across the grain boundaries[11], which led to rearrangement of particles and providing 
more effective packing. Maximum grain size and ρex were observed for the x= 0.07 
composition. The maximum grain size and ρex for the x=0.07 composition could be able 
to influence the enhancement of the electrical properties of this particular composition.  
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Fig. 4.8: SEM micrographs of NBT-xKNN ceramics with x = (a) 0.05, (b) 0.06, (c) 0.07, 
and (d) 0.08. 
Table 4.4: Average grain size, and experimental density of NBT-xKNN (x=0.05, 0.06, 
0.07, 0.08) ceramics. 
KNN content Average grain size (μm) Experimental density(g/cc) 
x = 0.05 2.54 5.67 
x = 0.06 3.27 5.69 
x = 0.07 4.34 5.77 
x = 0.08 2.10 5.66 
75 
 
4.5 Dielectric Analysis 
4.5.1 Temperature Dependent Dielectric Properties of NBT-xBT 
Ceramics 
Fig. 4.9 (a-d) shows the temperature dependence of dielectric constant (εr) and 
dielectric loss (tanδ) at different frequencies of the NBT-xBT (x=0.05, 0.06, 0.07, 0.08) 
ceramic samples. Two major peaks are observed in all the NBT-xBT ceramic samples. 
The first peak in the 95-105°C temperature range corresponds to the depolarization 
temperature (Td), where the ferroelectric (FE) phase undergoes to antiferroelectric (AFE) 
phase transition. The second peak ~ Tm (where εr reaches the maximum) corresponds to 
the transition from antiferroelectric to paraelectric state. εr exhibits strong frequency 
dispersion below Td whereas above Td this dispersive nature is diminished. This indicates 
that there must be some dielectric relaxing mechanism present near the vicinity of RT 
[12]. Earlier, it is reported that in the pure Na0.5Bi0.5TiO3 system, the phase region 
exhibiting P4bm symmetry with nano-domains embedded in the R3c matrix contributes 
towards the relaxor type nature [13]. Near Tm, at different frequencies no such 
appreciable dielectric peak shift is observed. But, these dielectric peaks near Tm are 
relatively broad, suggesting the diffuse phase transition nature. This diffuse phase 
transition can be attributed to the random distribution of the Na+, Bi3+, and Ba2+ ions at 
the A-site in the NBT-xBT system [14]. These behaviors also suggest that all the NBT-
xBT ceramic systems exhibit relaxor nature. The dielectric properties of the NBT-xBT 
(x=0.05, 0.06, 0.07, 0.08) ceramics at 1 kHz frequency are given in Table 4.5. It can be 
observed that, among all the MPB compositions of the NBT-xBT system, x=0.07 shows 
the highest value of εr at RT as well as at Tm, which hint towards its MPB nature. 
Moreover, x=0.07 composition exhibited lower Td, which implies a reduction of the 
stability of ferroelectric domains at RT, since in the x=0.07 composition, there co-exists 
double structures (rhombohedral and tetragonal). This results in the decrease of the 
thermal stability of the long-range ferroelectric domains at RT in the double structure 
MPB composition [15, 16].  
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Fig. 4.9: Variation of εr and tanδ with temperature at different frequencies of the NBT-
xBT ceramics with x = (a) 0.05, (b) 0.06, (c) 0.07, and (d) 0.08.      
Table 4.5: Dielectric properties (at 1 kHz frequency) of NBT-xBT (x=0.05, 0.06, 0.07, 
0.08) ceramics. 
BT content εr at RT tanδ at RT  Td ( °C) Tm ( °C) εr at Tm 
x = 0.05 2023 0.09 102 226 4712 
x = 0.06 1946 0.05 101 219 4588 
x = 0.07 2275 0.04 99 219 5067 
x = 0.08 1898 0.08 100 215 4263 
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4.5.2 Temperature Dependent Dielectric Properties of NBT-xKNN 
 Ceramics 
Fig. 4.10 (a-d) shows the temperature dependence of εr and tanδ at different 
frequencies of the NBT-xKNN (x=0.05, 0.06, 0.07, 0.08) ceramic samples. Two major 
dielectric anomalies are observed in all the samples, one below 150 °C and the other one 
~ 250 °C. Similar type of dielectric patterns are also observed in the NBT-BT system, as 
studied by Jo et al. [17], where the commonly observed two dielectric anomalies are 
attributed to the thermal evolution of ferroelectric polar nanoregions (PNRs) of R3c 
(Rhombohedral) and P4bm (tetragonal) symmetries, which coexist throughout the 
temperature range, and reversibly transform into each other with the variation of 
temperature [17]. It is reported that around the MPB of the NBT-xKNN system, both the 
rhombohedral and tetragonal phases coexist simultaneously [2]. Broad dielectric peaks 
with slight frequency dependence of εr and tanδ at Td and Tm indicates the relaxor nature 
of all the NBT-xKNN ceramic samples [18]. The relaxor-like nature in this type of 
system is attributed to the coexistence of PNRs of different symmetries. Further, it is 
reported that an unpoled NBT sample exhibit relaxor nature at RT [19]. As the samples 
are unpoled, the first dielectric dispersion, observed below Td in the NBT-xKNN systems, 
suggest towards the relaxor contribution [18]. Whereas, the second dielectric anomaly 
can be attributed to the thermal evolution of the PNRs with the transformation of R3c to 
P4bm phase [17]. In addition, the increase of dielectric peak broadening with the increase 
of KNN content suggest the increase of disordered cation distribution at both the A- and 
B-sites in the NBT-xKNN system. The εr, Td, Tc, and tanδ values at RT and at 1 kHz 
frequency of the MPB compositions of the NBT-xKNN system are given in Table 4.6. It 
is observed that Tc decreases while the maximum εr does not change significantly, with 
the increase of KNN content in the NBT-xKNN system up to x=0.07 composition. The 
highest εr value at RT and at Tc in the x=0.07 composition can be related to the presence 
of double structure and suggest its actual MPB nature. Since, the presence of double 
structure is the characteristic of an MPB composition, and it also increases the 
polarization, which ultimately improve the dielectric properties. 
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Fig.4.10: Variation of εr and tanδ with temperature at different frequencies of NBT-
xKNN ceramics with x = (a) 0.05, (b) 0.06, (c) 0.07, and (d) 0.08.  
Table 4.6: Dielectric properties of NBT-xKNN (x=0.05, 0.06, 0.07, 0.08) ceramics at 1 
kHz frequency. 
KNN content εr at RT tanδ at RT  Td ( °C) Tm ( °C) εr at Tm 
x = 0.05 1750 0.06 136 268 4324 
x = 0.06 2380 0.05 122 261 4389 
x = 0.07 2787 0.05 121 259 4438 
x = 0.08 2088 0.04 130 243 3328 
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4.6 Leakage Current Study 
4.6.1 Leakage Current Properties of the NBT-xBT Ceramics 
Fig. 4.11 shows the RT leakage current density vs. electric field (J-E) plots of the 
NBT-xBT ceramic samples up to ~ 40kV/cm. A slight asymmetry in the J-E plots suggest 
towards the electrode dependent nature of the NBT-xBT ceramic samples [20]. The 
leakage current characteristics at lower electric fields suggest that the conduction 
mechanism in all the NBT-xBT ceramic samples can be attributed to be of Ohmic type, 
whereas at higher fields, the conduction mechanism can be associated with the space 
charge limited conduction [21-23]. The RT leakage current density values of all the NBT-
xBT ceramic samples at ~ 40kV/cm are given in Table 4.7. Among all the NBT-xBT 
ceramic samples, x=0.07 composition shows the lowest leakage current density 
(~5.72x10-7 A/cm2), which hints towards its better suitability in ferroelectric device 
applications compared to the other studied compositions. The current density are 
observed to be between 10-7 - 10-6 A/cm2 for all the NBT-xBT ceramic samples. A 
remarkable hump at electric field >30kV/cm in the J-E plot can be related with the 
ferroelectric switching behavior, i.e. coercive field of the studied ceramic samples [24].  
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Fig. 4.11: Room temperature leakage current density vs. electric field plots of the NBT-
xBT (0.05≤x≤0.08) ceramic samples. 
Table 4.7: Leakage properties of NBT-xBT (x=0.05, 0.06, 0.07, 0.08) ceramics at the 
electric field of 40kV/cm.  
BT content x =0.05 x =0.06 x =0.07 x =0.08 
Current density(A/cm2) 3.14x10-6 1.03x10-6 5.72x10-7 3.23x10-6 
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4.6.2 Leakage Current Properties of the NBT-xKNN Ceramics 
Fig. 4.12 shows the leakage current vs. applied electric field behavior of the NBT-
xKNN ceramic samples. The insulating characteristics of a dielectric ceramic can be 
determined by the value of its leakage current. The leakage current density of all the 
NBT-xKNN ceramic samples gradually increases with the increase of applied electric 
field up to ~10kV/cm. The conduction mechanism at lower fields may be attributed to the 
Ohmic type conduction. With the further increase of the electric field, the conduction 
mechanism can be related to the space charge limited conduction [21-23]. Here also, 
among all the NBT-xKNN ceramic samples, x=0.07 composition shows the lowest 
leakage current density of ~1.04x10-6 A/cm2 at ~ 40kV/cm. In this case, the observed 
least leakage current density can be attributed to the maximum grain size of the x=0.07 
composition samples. Since, larger grains contribute towards interfacial areas between the 
grains is small and these interfaces provide a leakage path for charge carriers, therefore 
larger the grain size, least is the leakage current [25]. However, unlike NBT-BT samples, 
absence of any hump in J-E characteristics suggests some kind of role of non-attainment 
of polarization saturation within the applied electric field range in NBT-xKNN samples. 
The values of leakage current density of all the NBT-xKNN ceramic samples at 40kV/cm 
electric field are given in Table 4.8. 
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Fig. 4.12: Room temperature leakage current density vs. electric field plots of NBT-
xKNN (0.05≤x≤0.08) ceramics. 
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Table 4.8: Leakage properties of NBT-xKNN (x=0.05, 0.06, 0.07, 0.08) ceramics at the 
electric field of 40kV/cm. 
 
KNN content x =0.05 x =0.06 x =0.07 x =0.08 
Current density(A/cm2) 3.37x10-6 1.46x10-6 1.04x10-6 1.89x10-6 
 
4.7 Piezoelectric Study 
4.7.1 Piezoelectric Studies of NBT-xBT Ceramics 
4.7.1.1 Strain vs. Electric Field Study  
Fig. 4.13 (a-d) shows the RT-induced strain% vs. external electric field (S-E) 
curves of all the NBT-xBT(x=0.05, 0.06, 0.07, 0.08) compositions. From the S-E plots, it 
is observed that in all the NBT-xBT ceramic samples, initially the strain% increases with 
the increase in applied external electric field, which is due to the alignment of the 
domains along the field direction. At higher electric fields, the alignments of domains get 
saturated, which results in the maximum induced strain%. A slight asymmetry is 
observed in the (S-E) plots of the NBT-xBT system near MPB, which may be due to the 
internal field induced by the presence of certain defects [26]. In the present case, a 
maximum strain of ~0.45% is obtained in the x=0.07 composition samples, which 
suggests the dominance of the movement and switching of the non-180° domain walls 
[27]. This also indicates that small displacements of all types of domain walls can affect 
the polarization of the material. It is a known fact, that in addition to the pure 
piezoelectric response of the material within each domain, the movement and switching 
of non-180° walls will involve a significant change in the dimensions of the sample. 
Furthermore, the development of typical butterfly-shaped loops and the existence of 
remnant strain in the NBT-xBT ceramics indicate their piezoelectric nature [28]. The 
maximum induced strain% of the studied MPB compositions of the NBT-xBT system are 
given in Table 4.9. 
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Fig. 4.13: Variation of induced strain% vs. bipolar electric field of the NBT-xBT 
ceramics with  x = (a) 0.05, (b) 0.06, (c) 0.07, and (d) 0.08. 
 
4.7.1.2 Piezoelectric Coefficients (d33 and kp) Study 
Fig. 4.14 shows the RT variation of the piezoelectric coefficient (d33) and the 
electromechanical coupling coefficient (kp) with the variation of BT content in the NBT-
xBT system. Electromechanical coupling coefficient, kp, is calculated by using relation 
4.2 [29]. The resonance (fr) and anti-resonance (fa) frequencies, used in the eq. 4.2 are 
obtained from frequency vs. impedance (Z) plots. The frequency vs. impedance (Z), and 
phase angle plots of the x=0.07 composition is shown in Fig. 4.15.  
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The values of d33 and kp coefficients are given in Table 4.9. The highest value of  
d33 and kp coefficients are obtained in the x=0.07 composition samples. The highest value 
of the d33 coefficient in the x=0.07 composition again suggest its actual MPB nature. 
Since, there exists a large number of poling directions in a MPB composition, which 
result in the better piezoelectric and electromechanical properties.  
The values of kp and d33 is not in linear variation (as shown in fig 4.14), i.e. the 
values are higher for x=0.05 rather than for x=0.06 composition. Linear trend is not 
followed as the observed results suggest that 0.05 composition is also within the MPB 
region. Since within the MPB region, electrical properties varies as per the % of different 
constituent phases present in the selected compositional range. This also suggests the 
need of further study of effect of different constituent phases on electrical properties of 
these MPBs compositions. 
 
0.05 0.06 0.07 0.08
40
50
60
70
80
90
100
110
120
130
140
150
BT content
k
p 
d 3
3 
(p
C
/N
)
0.14
0.15
0.16
0.17
0.18
0.19
0.20
0.21
0.22
 d33
 kp
 
 
Fig. 4.14: Variation of piezoelectric (d33) and electromechanical coupling (kp) coefficients 
with BT content in the NBT-xBT system. 
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Fig. 4.15: Impedance (Z) and phase angle (θ) variations with frequency of the x=0.07 
poled samples of the NBT-xBT system.  
 
Table 4.9: Piezoelectric parameters of NBT-xBT (x=0.05, 0.06, 0.07, 0.08) ceramics. 
 
BT content kp d33 (pC/N) Strain% 
x = 0.05 0.19 95 0.27 
x = 0.06 0.16 76 0.38 
x = 0.07 0.21 105 0.45 
x = 0.08 0.14 59 0.18 
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4.7.2 Piezoelectric Study of the NBT-xKNN Ceramics 
4.7.2.1 Strain vs. Electric Field Study 
Fig. 4.16 shows RT the S-E plots of the NBT-xKNN (x=0.05, 0.06, 0.07, 0.08) 
ceramic samples. Though, the remnant strain value of all the NBT-xKNN ceramic 
samples is observed to be smaller, compared to the NBT-xBT systems, but the 
development of typical butterfly-shaped S-E loops confirm their piezoelectric nature. 
This S-E plots also shows the characteristic of a ferroelectric ceramic sample [30]. The 
maximum induced strain% of all the NBT-xKNN ceramic samples is given in Table 4.10. 
Development of maximum strain% ~ 0.36 is observed in the x=0.07 composition 
samples. This suggests that, at x=0.07 composition, the movement and switching of the 
non-180° domain walls is dominant [27]. The maximum strain% in the x=0.07 
composition further suggest the actual MPB nature of this composition [31]. 
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Fig. 4.16: Variation of induced strain% vs. bipolar electric field of the NBT-xKNN 
ceramics with x = (a) 0.05, (b) 0.06, (c) 0.07, and (d) 0.08. 
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4.7.2.2 Piezoelectric Coefficients (d33 and kp) Study 
Fig. 4.17 shows the RT variation of the piezoelectric coefficient (d33), and the 
electromechanical coupling coefficient (kp) with the variation of KNN content in the 
NBT-xKNN system. The electromechanical coupling coefficient (kp) was calculated by 
using eq. 4.1 [29]. Similar to NBT-xBT systems, the fr and fa frequencies, used in the eq. 
4.2, are obtained from frequency vs. impedance (Z) plots. The frequency vs. impedance 
(Z), and phase angle plots of the x=0.07 composition is shown in Fig. 4.18. d33 and kp  
values are summarized in Table 4.10. Highest value of d33 and kp are observed in x=0.07 
composition samples, which suggest its actual MPB nature. This is because the MPB 
composition of a ferroelectric system has relatively high piezoelectric and 
electromechanical activities, which is attributed to an increase in the number of possible 
spontaneous polarization directions due to the coexistence of mixed structures [31]. 
Since, the presence of double structure in the x=0.07 composition samples can increase 
the number of polarization directions, which can ultimately increase the piezoelectric 
properties. 
 
0.05 0.06 0.07 0.08
50
55
60
65
70
75
80
85
 d33
 kp
KNN content
d 3
3 
(p
C/
N)
0.05
0.06
0.07
0.08
0.09
0.10
0.11
0.12
k
p 
 
 
Fig. 4.17: Variation of piezoelectric (d33) and electromechanical (kp) coupling 
coefficients with the variation of KNN content in the NBT-xKNN system. 
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Fig. 4.18: Impedance (Z) and phase angle (θ) variations with frequency of the poled 
x=0.07 samples of NBT-xKNN system.  
 
Table 4.10: Piezoelectric parameters of NBT-xKNN (x=0.05, 0.06, 0.07, 0.08) ceramics. 
KNN content kp d33 (pC/N) Strain% 
x = 0.05 0.07 58 0.30 
x = 0.06 0.10 65 0.28 
x = 0.07 0.12 78 0.36 
x = 0.08 0.09 62 0.23 
 
4.8 Ferroelectric Study  
4.8.1 Ferroelectric Study of NBT-xBT Ceramics 
Fig. 4.19 shows the RT polarization vs. electric field (P-E) hysteresis loops of the 
NBT-xBT (x=0.05, 0.06, 0.07, 0.08) ceramic samples. Remnant polarization (Pr) and 
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coercive field (Ec) values of all the NBT-xBT ceramic samples are given in Table 4.11. 
The development of well saturated P-E hysteresis loops confirms the ferroelectric nature 
of all the NBT-xBT ceramic samples. However, maximum value of Pr ~ 31.71 µC/cm2 
with Ec ~ 40 kV/cm were obtained in the x=0.07 ceramic samples, which suggest the 
actual MPB nature of this composition. The low value of Ec in the x=0.07 ceramic 
samples compared to x= 0.05 and 0.06 compositions supports the observed enhanced 
piezoelectric properties of this composition. Since, with lower Ec value, the domain 
movement can take place easily, which results in better piezoelectric properties. With the 
further increase of BT content i.e. for x= 0.08 in the NBT-xBT system, a considerably 
low Pr value is observed, which can be attributed to the introduction of greater lattice 
distortion into the NBT system [32].   
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Fig. 4.19: P-E hysteresis loops of NBT-xBT (x=0.05, 0.06, 0.07, 0.08) ceramics. 
Table 4.11: Ferroelectric parameters of NBT-xBT (x=0.05, 0.06, 0.07, 0.08) ceramics. 
BT content x = 0.05 x = 0.06 x = 0.07 x = 0.08 
Pr (µC/cm2) 28.73 23.50 31.71 15.66 
Ec(kV/cm) 45.33 42.62 40.00 34.65 
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4.8.2 Ferroelectric Study of NBT-xKNN Ceramics 
 Fig. 4.20 shows the polarization vs. electric field (P-E) hysteresis loops of the NBT- 
xKNN ceramic samples. Well saturated (P-E) hysteresis loops of all the NBT- xKNN 
ceramic samples are developed. The fine saturation, which relate with the insulating 
property of a sample, might have been prevented by the increase of leakage current at 
higher applied external electric field [33]. Maximum remnant polarization (Pr) ~ 20.61 
µC/cm2 and small coercive field (Ec) ~ 19.90 kV/cm were obtained for the x = 0.07 
composition. The maximum Pr value of the x=0.07 composition can be associated with the 
increase in domain wall motion. The highest grain size in this composition can be related 
with the easy switching of the domains and hence maximum Pr among the studied NBT-
xKNN ceramic samples [34, 35]. Further, the highest value of Pr in this composition 
suggests the its actual MPB nature [36]. As, the existence of mixed structures in the x=0.07 
composition increases the number of polarizations directions (14, 6 for tetragonal structure 
and 8 for rhombohedral structure) and hence highest value of Pr among the studied NBT-
xKNN ceramic samples [37]. The Pr and Ec values of all the NBT-xKNN ceramic samples 
are given in Table 4.12. 
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Fig. 4.20: P-E hysteresis loops of NBT-xKNN(x=0.05, 0.06, 0.07, 0.08) ceramics. 
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Table 4.12: Ferroelectric parameters of NBT-xKNN (x=0.05, 0.06, 0.07, 0.08) ceramics. 
KNN content x = 0.05 x = 0.06 x = 0.07 x = 0.08 
Pr (µC/cm2) 12.93 16.26 20.61 7.95 
Ec(kV/cm) 24.19 25.64 19.90 19.00 
 
4.9 Polarization Fatigue Study 
4.9.1 Polarization Fatigue Study of NBT-xBT Ceramics 
Fig. 4.21 shows the normalized polarization vs. number of cycles (up to 109) of 
the applied external electric field, measured at 105Hz frequency of the NBT-xBT ceramic 
samples. Polarization fatigue in ferroelectric materials is the systematic suppression of the 
spontaneous polarization under bipolar or unipolar electrical cycling [38, 39]. In the 
present study, the bipolar fatigue study is undertaken because in many ferroelectric 
random access memory (FeRAM) and non-volatile memory devices, each cell is 
controlled by bipolar pulses [40]. Here, P* and -P* (µC/cm2) denotes the switched 
polarization value in positive and negative applied electric field cycles. In this case, the 
switched polarizations were observed at the cycle numbers of 1, 300000, 1.5x106, 
1.17x107, 1.11 x108, and 1.23x109, respectively. All the NBT-xBT ceramics follow the 
same trends of normalized polarization vs. no. of cycles of the applied external electric 
field and there is a substantial decrease in the polarization value after 107 cycles of all the 
ceramics, which indicates the degradation of their ferroelectric properties. The relative 
polarization fatigue% (after 109 cycles) of all the NBT-xBT ceramic samples is given in 
Table 4.13.  Generally, in a ferroelectric material, different factors are responsible for 
such type of polarization degradation. Pinning of the domain walls by the defects with 
charges (such as oxygen vacancies, electronic or ionic charges etc.), segregated in the 
wall region [41-43], may be considered as the mechanism responsible for the fatigue 
behavior in the NBT-xBT ceramics. In the present study, the pinning of the domain walls 
can be associated mainly with the oxygen vacancies, because the oxygen vacancy 
formation is most common in the perovskite ceramics during sintering at high 
temperatures [44].   
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Fig. 4.21: Normalized polarization vs. number of cycles plots of NBT-xBT (x=0.05, 0.06, 
0.07, 0.08) ceramics. 
 
Table 4.13: Relative polarization fatigue % (after 109 cycle) of NBT-xBT (x=0.05, 0.06, 
0.07, 0.08) ceramics. 
 
BT content x = 0.05 x = 0.06 x = 0.07 x = 0.08 
 
Relative polarization fatigue% (109 
cycle) 
 
25.66 
 
22.37 
 
22.54 
 
47.48 
 
 Fig. 4.22 (a-d) shows the P-E hysteresis loops before and after 107 cycles of the 
applied external electric field to confirm the fatigue behavior of all the NBT-xBT 
ceramics. Decrease of remnant polarization confirmed the fatigue behavior in these 
ceramics. The NBT-xBT ceramics corresponding to x=0.08, show the greatest degree of 
polarization degradation. Generally, the fatigue mechanism and polarization in 
ferroelectric materials are related to the defect agglomeration and deformation of grains 
[45, 46]. Therefore, relatively non-uniform and agglomerated grains in the x=0.08 NBT-
xBT ceramics can account the greatest degree of polarization degradation among the 
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studied MPB compositions of NBT-xBT system. Except the NBT-xBT ceramics, 
corresponding to x=0.05, all the ceramics show an increase in the coercive field after 
loading cycles. The geometrically less constrained grains in the NBT-xBT ceramics 
corresponding to x=0.05 can explain the retention of same coercive field after loading 
cycles [46]. 
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Fig 4.22: P-E hysteresis loops before (1) and after (2) 107 cycles of the NBT-xBT 
(x=0.05, 0.06, 0.07, 0.08) ceramics.  
 
4.9.2 Polarization Fatigue Study of NBT-xKNN Ceramics 
Room temperature normalized polarization vs. number of cycle’s plots at 105Hz 
bipolar triangular pulses of the NBT-xKNN ceramic samples are shown in Fig. 4.23. 
There are various factors such as the formation of space charges, and point defects, which 
are responsible for such type of polarization loss. Space charge polarization is a common 
factor observed over most of the perovskite ceramics [47]. It is reported that formation of 
the domain is a fast process resulting in a domain pattern with extended space charge 
region near domain walls and is related with semiconductor properties. Within these 
space charge regions, a significant depolarization field is still present which could drive 
the much slower ionic charge carriers like oxygen vacancies thus providing fatigue 
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according to the space charge mechanism [21]. Correlating with the fatigue mechanisms, 
it is observed that all the NBT-xKNN ceramic samples start showing the degradation of 
the polarization after 1.5x 106 switching cycles. The relative polarization fatigue % (after 
109 cycles) of all the NBT-xKNN ceramic samples is given in Table 4.14. 
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Fig. 4.23: Normalized polarization vs. number of cycles plots of NBT-xKNN (x=0.05, 
0.06,  0.07, 0.08) ceramics. 
 
Table 4.14: Relative polarization fatigue % (after 109 cycle) of NBT-xKNN (x=0.05, 
0.06, 0.07, 0.08) ceramics. 
 
KNN content x = 0.05 x = 0.06 x = 0.07 x = 0.08 
 
Relative polarization fatigue 
%(109 cycle) 
 
38.01 
 
36.20 
 
30.57 
 
67.69 
 
Similar to NBT-xBT systems, P-E hysteresis loops of the NBT-xKNN ceramics, 
before electric fatigue, and after 107 polarization switching cycles are compared and 
shown in Fig. 4.24(a-d). As can be seen from the P-E plots, there is a significant 
degradation of the saturation polarization. Furthermore, degradation in Pr value is 
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observed for all the samples and interestingly, the value of Ec behaves exactly opposite 
i.e. increases negligibly for x=0.05, whereas for all other samples they are almost same 
compared to the loops before fatiguing. It has been suggested that the degradation of  Pr 
value after 107 cycles can be due to the domain wall pinning at charged defects, which is 
the dominant degradation mechanism in perovskite ceramics [48]. The interaction of 
charged defects such as oxygen vacancies and charged domain walls can lead to local 
agglomeration of defects and the eventual stabilization of domains. Whereas, the 
formation and growth of microcracks in the near-electrode region can be associated with 
the increase in the Ec value of the x=0.05 ceramics [49]. These cracks result from the  
high internal stress under bipolar cycling in a ferroelectric ceramic [50].  
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Fig. 4.24: P-E hysteresis loops before (1) and after (2) 107 cycles of the NBT-xKNN 
ceramics with x = (a) 0.05, (b) 0.06 (c) 0.07 (d), and 0.08.  
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Chapter 5 
 
Dielectric, Piezoelectric and Ferroelectric Properties of 
the 2-Layered SrBi2Ta2O9 based Ceramics 
 
5.1 Introduction 
Bismuth layered perovskite materials are useful for memory-based applications 
because of their low leakage current, fatigue endurance, and good electrical 
characteristics [1-3]. Among the 2-layer layered perovskites, commonly called Aurivillius 
phases, SrBi2Nb2O9, SrBi2Ta2O9/SBT, Bi4Ti3O12 and SrBi4Ti4O15 are the well-known 
materials. Among these different materials, the electrical properties of the SBT system 
are known to be sensitive to composition variation, especially to the content of Bi3+ or 
any other substitutions [4, 5]. In literature, the non-stoichiometric SBT and donor doped 
SBT systems were reported to show better dielectric and ferroelectric properties [6,7]. 
Therefore, among 2-layer layered perovskites, in the present work, SrBi2Ta2O9/SBT, 
Sr0.8Bi2.15Ta2O9/SBexT and SrBi2(Ta0.925W0.075)2O9/SBTW systems were selected and 
synthesized by solid state reaction route. The detail experimental procedure of their 
synthesis is explained in chapter 3. The dielectric, ferroelectric, leakage current, 
polarization fatigue, and the piezoelectric properties of these ceramic samples are 
investigated, compared and discussed in detail in this chapter.  
5.2 Thermal Analysis 
 
Fig 5.1 shows the DSC and TGA curves of ball milled and dried uncalcined 
precursor powder of SBT system. From RT to 1000oC, the overall weight loss is ~ 10%. 
The observed weight loss around ~ 400oC can be associated with the evaporation of CO2 
and O2 gases, resulting from the decomposition of strontium carbonate, bismuth oxide, 
and tantalum dioxide. The exothermic peak ~1000ºC in DSC plot with no substantial 
weight loss in TGA plot can be attributed to the phase formation of SBT system. As per 
this study, all the SBT based ceramics were calcined within the temperature range of 900-
1100ºC.  
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Fig 5.1: DSC and TGA curves of the ball milled uncalcined SBT powder. 
 
5.3 XRD Analysis 
The XRD patterns of the calcined powders of the SBT, SBexT and SBTW 
ceramics are shown in Fig 5.2. Single layered perovskite phase is formed in all the SBT 
based samples, calcined at 1000ºC. In XRD pattern of SBTW sample, very low intensity 
peaks at ~ 33o, 36o, 45o, 51o, and 52o  were observed. Those peaks are belongs to the 
segregated phase of W, which suggest about the solubility limit of W6+ in the SBT 
system. Using diffraction angles (2θ) and intensity of the diffracted peaks, indexing of the 
XRD patterns was carried out using a computer program package ‘POWD’[8]. For a 
probable crystal structure, the standard deviations, S.D. = (dobs-dcal) was considered to be 
minimum, The best agreement between the observed (obs) and the calculated (cal) 
interplanar spacing (d) was found, and the diffraction patterns of all the SBT based 
samples are assigned to the BLSFs (m=2) single phase with orthorhombic symmetry 
(space group A21am). There is a slight shift of XRD diffraction peak position towards the 
higher diffraction angle side of the SBTW ceramic samples. This can be associated with 
the decrease in lattice parameters of the SBTW ceramic samples, resulting from the 
substitution of smaller ionic radii W6+ (0.60 Å) ions in place of Ta5+ (0.64 Å) ions in the 
SBT system [9]. The lattice parameters of the SBT, SBexT and SBTW ceramics are given 
in Table 5.1. There is also a slight reduction in the lattice parameters of the SBexT 
200 400 600 800 1000
90
92
94
96
98
100
Temp.(οC)
-1.0
-0.5
0.0
0.5
1.0
1.5
2.0
W
ei
gh
t l
os
s 
%
DS
C(
m
W
/m
g)
100 
 
20 25 30 35 40 45 50 55
* Peaks denotes segregated phase of W  
**
2θ(degree)
In
te
ns
ity
(A
.U
.)
(c)
(b)
 
1 
1 
15
1 
3 
5 
/ 3
 1
 5
1 
1 
130 
2 
10
 / 
2 
0 
10
2 
2 
0
0 
2 
8 
/ 2
 0
 8
1 
1 
90 
0 
10
0 
2 
0 
/ 2
 0
 0
1 
1 
5
0 
0 
8
1 
1 
3
1 
1 
1
0 
0 
6
(a)
**
 
*
ceramic samples, which can again be associated with the substitution of smaller ionic 
radii Bi3+ (0.96 Å) ions in place of larger Sr2+ (1.44 Å) ions site. 
 
 
 
 
 
 
 
 
 
Fig. 5.2: XRD patterns of  (a) SBT, (b) SBexT and (c) SBTW samples calcined at 1000oC 
for 4hrs. 
Table 5.1: Lattice parameters of SBT, SBexT and SBTW ceramic samples. 
Sample lattice parameters 
a (Å) b (Å) c (Å) 
SBT 5.8429(3) 5.2126(1) 25.2296(1) 
SBexT 5.8027(2) 5.2025(1) 25.2114(1) 
SBWT 5.8279(3) 5.2121(3) 25.2179(1) 
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5.4 Microstructure and Density Study 
Fig. 5.3 shows the variation of experimental density with sintering temperature of 
the (a) SBT, (b) SBexT and (c) SBTW ceramic samples. The theoretical density of the 
pure SBT ceramic samples is ~8.93 g/cc [6]. For all the SBT based ceramic samples, the 
experimental density increases up to a particular sintering temperature and then starts 
decreasing. The decrease of experimental density at higher sintering temperature can be 
attributed to the volatilization of bismuth oxide in all the SBT based ceramic samples 
[10]. 1150oC, 1200oC and 1150oC are the optimized sintering temperatures of the SBT, 
SBexT and SBTW ceramic samples, respectively. The relative density of the SBT, SBexT 
and SBTW ceramic samples at optimized sintering temperatures was found to be ~95, 98 
and 95%, respectively. Optimization of highest sintering temperature and detection of 
highest relative density of SBexT ceramic samples suggest that excess bismuth content 
enhances the sintering temperature, which ultimately enhances the densification process.  
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Fig. 5.3: Variation of experimental density with sintering temperature of the SBT, SBexT, 
and SBTW ceramics. 
Fig. 5.4 shows the micrographs of the SBT based ceramic samples, sintered at 
different temperatures. A systematic study of the micrographs reveals that the pure SBT 
ceramic samples, sintered at 1100oC (Fig. 5.4(a)), show the round shaped grains, which 
changes to square shapes grains with increased average grain size at 1150oC (Fig. 5.4(b)) 
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sintering temperature. However, densely packed microstructures of the SBexT ceramic 
samples are observed at different sintering temperatures. At different sintering 
temperatures, randomly oriented plate-like grains are observed in the SBexT ceramic 
samples. The average grain size of the SBexT ceramic samples increases with the increase 
of sintering temperature, visible in Fig 5.4 (d)-(g). Among SBT, SBexT, and SBTW 
sintered ceramics, the maximum average grain size is observed in the SBexT ceramic 
samples, sintered at 1200oC.  Fig 5.4(h)-(j) shows the highly non-uniform distribution of 
grains of SBTW ceramic samples, sintered at 1100oC. This non-uniformity of grains of 
SBTW ceramic samples decreases at 1150oC, optimized sintering temperature. The 
experimental density and microstructure of all the SBT based ceramics can be co-related 
to the volatility of the bismuth at higher sintering temperatures [10]. The average grain 
size and the experimental density of all the SBT based ferroelectric ceramics, sintered at 
different optimized temperatures are listed in Table 5.2.   
 
Fig. 5.4: SEM micrographs (a-c) of the SBT ceramic samples sintered at 1100, 1150 and 
1200oC, (d-g) of the SBexT ceramic samples sintered at 1100, 1150, 1200 and 1250oC, 
and (h-j) of the SBTW ceramic samples sintered at 1100, 1150 and 1200oC temperatures. 
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Table 5.2: Average grain size and experimental density of SBT, SBexT, and SBTW 
ceramic samples. 
Sample Sintering temperature( oC) Average grain size 
(μm) 
Experimental 
density(g/cc) 
 
SBT 
1100 1.09 8.32 
1150 2.52 8.53 
1200 2.11 8.51 
 
SBexT 
1100 1.46 8.49 
1150 2.04 8.62 
1200 3.65 8.87 
1250 4.62 7.84 
 
SBTW 
1100 1.63 8.43 
1150 2.84 8.52 
1200 2.43 8.46 
5.5 Dielectric Study 
Fig 5.5(a-c) shows the variation of εr (at different frequencies) vs. temperature of 
the SBT, SBexT and SBTW ceramics, sintered at 1150oC, 1200oC and 1150oC, 
respectively. These dielectric plots show the composition and doping effects on the 
dielectric properties of the SBT based ceramics. The dielectric constant of a ferroelectric 
material depends upon the composition, grain size, secondary phases, etc. [11]. From 
these dielectric plots, three important dielectric observations have been inferred. For the 
SBexT and SBTW ceramics, there is (i) sharp ferroelectric-paraelectric transition at the 
Curie temperature (Tc), (ii) enhancement of the value of dielectric constant, and (iii) peak 
shifting towards higher temperature side compared to the pure SBT ceramic samples. 
Both the Bi-excess and W6+-substituted samples exhibited sharp transition at their 
respective Tc. Whereas, in the pure SBT ceramic samples, a diffused phase transition 
behaviour is observed, which agrees with the earlier reports [12]. This suggests that there 
exist various regions in the pure SBT ceramic samples with various Tc values [13], which 
can be attributed to the defects and poor microstructure. The low-frequency dispersion at 
high temperatures is also observed in the pure SBT ceramic samples, which may be 
associated with the defects in the samples such as oxygen vacancies, ••
oV , created from the 
volatilization of Bi2O3 at high sintering temperatures [14-16]. Moreover, the diffuse 
phase transition nature near Tc in the pure SBT system can be discussed on the basis of 
the cation disorder in the Sr-based bismuth layer-structured compounds. There is cation 
redistribution at A-sites in the perovskite lattice and at the bismuth sites in the (Bi2O2)2+ 
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layers in the SrBi2Ta2O9 system [17]. The sharp transition of the SBexT and SBTW 
ceramic samples suggests that the respective lattices maintain electrical neutrality [18, 
19]. Unlike in the pure SBT system, the addition of excess bismuth in the SBexT system 
and by the donor doping in the SBTW system, the oxygen vacancies, created at high 
sintering temperature, get compensated. Enhancement of Tc value of the SBexT ceramic 
samples can be associated with the creation of cation vacancies at the Sr site [18, 19]. The 
substitution of Bi at the Sr sites in the SBexT ceramic samples can enhance the structural 
distortion of the TaO6 octahedra, which ultimately lead to the higher Tc value [19]. In the 
SBTW ceramic samples, the introduction of cation vacancies at the A-site possibly lead 
to an enhancement of ferroelectric structural distortion, which eventually increases the Tc 
value [18, 20]. The introduction of cation vacancies can make the domain motion easier 
and lead to the increase of εr value of both the SBexT and SBTW systems compared to the 
pure SBT system [18, 20].  
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Fig. 5.5: Temperature dependence of εr at different frequencies of (a) SBT, (b) SBexT and 
(c) SBTW ceramics. 
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Temperature dependence of tanδ of all the SBT-based ceramic samples at 
different frequencies is shown in Fig 5.6(a-c). The temperature dependence of tanδ 
follows the similar variation as that of εr vs. temperature plots of respective SBT based 
systems. There is a marginal decrease in the tanδ value compared to that of the pure SBT 
ceramic samples, which may be due to the reduction of oxygen vacancies during the 
processing of the SBexT and SBTW ceramic samples [19]. The RT dielectric properties at 
1 kHz frequency of all the SBT based ceramic samples are summarized in Table 5.3.   
 
 
 
Fig. 5.6: Temperature dependence of tanδ at different frequencies of (a) SBT, (b) SBexT, 
and (c) SBTW ceramics. 
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Table 5.3: Dielectric properties (at 1 kHz frequency) Dielectric properties of SBT, 
SBexT, and SBTW ceramics.  
Sample εr at RT tanδ at RT Tc ( °C) εr at Tc 
SBT 147 0.05 290 1260 
SBexT 182 0.04 398 1590 
SBTW 187 0.04 356 1270 
5.6 Leakage Current Analysis 
Fig 5.7 shows the RT variation of leakage current density as a function of applied 
electric field of the SBT based ceramic samples. The observed RT leakage current density 
values of the SBT based ceramic samples are given in Table 5.4. The leakage current 
density of the SBexT and SBTW ceramic samples decreased compared to the pure SBT 
ceramic samples, which suggest that there might be a relation between the electrical 
properties and the orientation of the grains. As reported earlier [21], because the Bi2O2 
layers act as insulating layer, the resistivity along the c-axis is two to three orders of 
magnitude higher than that along the a–b plane in the Bi-layer systems. With excess Bi3+  
or with the W6+-substitution in the SBT system, the c-axis orientation may start 
dominating, which increases the insulating nature of these samples and lead to the 
decrease in the leakage current density [22]. Both excess Bi3+ and W6+-substitution in the 
SBT system can act as donor impurities, which might have compensated the oxygen 
vacancy-related charge carriers and hence there is a decrease in the values of the leakage 
current of the SBexT and SBTW ceramic samples compared to the pure SBT system [23]. 
As evident from the plots, the observed leakage current characteristics are almost 
symmetric in nature, which confirms the electrode independent nature of the samples 
[22]. In all the SBT based ceramics, at lower voltages, the leakage current can be 
attributed to the Ohmic-type conduction process and at high voltages the leakage current 
can be attributed to the space charge limited conduction process [24, 25]. However, a 
noticeable crest around +/- 20kV/cm can be related to the coercive fields (Ec) of the 
studied SBT based ceramic samples [26].  
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Fig. 5.7: Room temperature leakage current density vs. electric field plots of SBT, SBexT, 
and SBTW ferroelectric ceramics. 
Table 5.4: RT leakage current properties of SBT, SBexT and SBTW ceramics at 
60kV/cm. 
Sample SBT SBexT SBTW 
Current density(A/cm2) 1.09x10-8 3.14x10-9 3.81x10-9 
5.7 Piezoelectric Study 
The S-E loops of the SBT based ceramic samples are shown in Fig. 5.8. It can be 
seen that the S-E loop is not well formed for the pure SBT ceramics whereas the typical 
butterfly shaped loops are observed for the SBexT and SBTW ceramic samples. The 
enhancement of the piezoelectric and ferroelectric properties can be attributed to the 
incorporation of higher valent ions accompanied by cation vacancies at the A-site of the 
SBexT and SBTW ceramic samples [27, 28]. The maximum strain % ~ 0.011 is observed 
in the SBexT ceramic samples. In order to find the piezoelectric coefficient (d33) and 
electromechanical coupling factor (kp), the SBT based ceramics were poled by Corona 
discharge technique. Among the SBT based ceramics, the maximum value of kp ~ 0.09 
and d33 ~ 24pC/N are observed in the SBexT ceramic samples, which can be attributed to 
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its maximum grain size. Since, higher grain size enhances the domain wall mobility, 
which can result in better piezoelectric properties [27]. The values of strain%, kp  and d33 
of all the studied SBT based ceramic samples are given in Table 5.5. 
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Fig. 5.8: S-E loops of (a) SBT, (b) SBexT and (c) SBTW ferroelectric ceramics. 
 
Table 5.5: Piezoelectric properties of SBT, SBexT and SBTW ceramics. 
 
Sample kp d33 (pC/N) Maximum strain% 
SBT 0.06 16 0.008 
SBexT 0.09 24 0.011  
SBTW 0.08 20 0.007 
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5.8 Ferroelectric Study  
Fig. 5.9 shows the well-saturated P-E hysteresis loops of all the SBT based ceramic 
samples. Highest remnant polarization (Pr) ~ 8.07μC/cm2 was observed in the SBexT 
ceramic samples. The enhanced polarization in the SBexT ceramic samples can be 
explained on the basis of larger distortion of its TaO6 octahedra. As reported earlier, 
bismuth layer based Sr2+-deficient and-Bi3+-excess thin films show larger Pr than that of 
the corresponding stoichiometric thin films [29, 30]. From the crystal structure study of 
the SBT system, the TaO2 plane in the TaO6 octahedra is reported as the densest plane, 
which can cause tensile stress in the Bi2O2 layers and compressive stress in the 
perovskite-like unit cells [31]. In the present case, the substitution of smaller Bi3+ ions at 
the Sr2+ ions site can cause compressive stress in the perovskite-like unit cell in the SBexT 
ceramic samples. This can result in the increased mismatch between the perovskite-like 
unit cells and the Bi2O2 layers in the SBexT samples, which will lead to larger distortion 
of the TaO6 octahedra and hence enhanced ferroelectric properties [31]. The higher value 
of Pr of the SBTW ceramic samples compared to the pure SBT samples can related to the 
formation of cation vacancies [32].  The substitution of W6+ ions at the Ta5+ ions site can 
suppress the concentration of the oxygen vacancies in the SBTW system. Further, the 
lowering of the number of oxygen vacancies in the SBTW system can reduce the domain 
walls pinning effect and enhanced Pr and reduced Ec values [32]. Pr and Ec values of the 
SBT, SBexT, and SBTW ceramics are given in Table 5.5. 
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Fig. 5.9: P-E hysteresis loops of SBT, SBexT, and SBTW ferroelectric ceramics. 
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Table 5.6: Ferroelectric properties of SBT, SBexT and SBTW ceramics. 
Sample Pr (µC/cm2) Ec (kV/cm) 
SBT 5.89 20.70 
SBexT 8.07 15.18 
SBTW 6.90 17.24 
5.9 Polarization Fatigue Studies 
Fig. 5.10 shows the normalized polarization vs. number of cycles (up to 109) of the (a) 
SBT, (b) SBexT and (c) SBTW ferroelectric ceramics with the applied external electric 
field measured at 105Hz frequency. Under the present bipolar fatigue study, P* and -P* 
(µC/cm2) are the switched polarization value in the positive and negative applied electric 
field cycles [33]. The switched polarizations are observed after 1, 300000, 1.5x106, 
1.17x107, 1.11 x108, and 1.23x109 electric field cycle numbers. All the SBT based 
ceramics follow the same trend of polarization variation without any substantial 
polarization decrease, which indicate that there is no/marginal degradation of the 
ferroelectric properties.   Polarization fatigue% values after 109 electric field cycles of the 
SBT, SBexT, and SBTW ceramics are given in Table 5.7. This measurement confirms that 
the SBT based materials are more or less inherently fatigue-free in nature. The fatigue-
free behavior of the SBT based materials can be attributed to the charge compensation of 
the oxygen vacancies, created at high processing temperatures, by the self-regulated 
(Bi2O2)2+ layers in the SBT based systems [2]. However, the self-regulating (Bi2O2)2+ 
layers effect  is not enough to explain the fatigue-free nature, since many BLSF’s does 
not show fatigue-free behavior even if there is a presence of (Bi2O2)2+ layers [34]. 
Fatigue-free nature of the studied ceramics is possible due to the oxygen stability by the 
combination of double perovskite layers and (Bi2O2)2+ layers [34].  
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Fig. 5.10: Normalized polarization vs. number of cycles plots of (a) SBT, (b) SBexT and 
(c) SBTW ferroelectric ceramics. 
Table 5.7: Polarization fatigue properties of SBT, SBexT and SBTW ceramics. 
Sample SBT SBexT SBTW 
Relative polarization fatigue % (109 cycle) 1.56 0.86 1.46 
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Chapter 6 
 
Dielectric, Piezoelectric and Ferroelectric Properties of 
SBexT modified NBT-xBT and NBT-xKNN (x=0.07) 
Ceramics  
 
6.1 Introduction 
In the NBT-xBT and NBT-xKNN systems, the respective MPB existed at x=0.07 
composition (reported in chapter 4). On the other hand, SBexT system showed overall 
improved electrical, ferroelectric, and polarization fatigue along with lower leakage 
current properties (reported in chapter 5). Compared to the SBexT system, the leakage 
current density is higher and polarization fatigue behavior is poor of the MPB 
compositions of the NBT-xBT and NBT-xKNN systems, respectively. Modification of 
the MPB compositions of the NBT-xBT and NBT-xKNN systems with SBexT system can 
combine the excellent ferroelectric properties of the perovskite phase with the anti-
polarization fatigue and low leakage properties. In this chapter, a systematic study of the 
dielectric, leakage current density, ferroelectric, piezoelectric and polarization fatigue 
properties of the synthesized (1-ϕ)(0.93Na0.5Bi0.5TiO3-0.07BaTiO3/NBT-BT)-
ϕSr0.8Bi2.15Ta2O9 and (1-ϕ)(0.93Na0.5Bi0.5TiO3-0.07K0.5Na0.5NbO3/NBT-KNN)-
ϕSr0.8Bi2.15Ta2O9 (ϕ= 2, 4, 8, 12, 16 wt. %) ceramics is presented.  
6.2 XRD Study 
In the following subsections, the XRD study of the sintered (1-ϕ)(NBT-BT)-ϕ 
SBexT and (1-ϕ)(NBT-KNN)-ϕSBexT (ϕ= 0, 2, 4, 8, 12, 16 wt. %) ceramics are given. 
6.2.1 XRD Study of the (1-ϕ)(NBT-BT)-ϕSBexT Ceramics 
XRD pattern of the MPB composition (for ϕ= 0) of the NBT-xBT system shows 
the single perovskite phase with pseudo-cubic distortion (explained in chapter 4 and 
shown in Fig. 6.1(a)), whereas, Fig. 6.1(b) shows the development of single phase layered 
perovskite with orthorhombic crystal structure of the SBexT system. Fig. 6.1 (c) shows the 
XRD patterns of the sintered (1-ϕ) (NBT-BT)-ϕSBexT for ϕ= 2, 4, 8, 12, 16 wt. % 
ceramic samples. Fig. 6.1 (c) confirms the presence of both the SBexT and the NBT-BT 
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ceramic phases and the XRD peaks intensity of the SBexT phase increases with the 
increase of its wt.% in the (1-ϕ)(NBT-BT)-ϕSBexT system. The XRD peaks of the NBT-
BT and SBexT phases are marked with ‘Δ’ and ‘#’ symbols. Later, the existence of both 
SBexT and NBT-BT phases in the (1-ϕ)(NBT-BT)-ϕSBexT ceramics is also confirmed 
from the SEM micrograph study. With the increase of SBexT content in the (1-ϕ)(NBT-
BT)-ϕSBexT system, some unwanted secondary phase XRD peaks (marked as *) starts 
appearing. This suggests the possible reaction between the NBT-BT and SBexT phases at 
high sintering temperature [1].  
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Fig. 6.1: X-ray diffraction patterns of (a) MPB composition of NBT-BT, (b) SBexT and 
(c) (1-ϕ) (NBT-BT)-ϕ SBexT (ϕ= 2, 4, 8, 12, 16 wt. %) ceramics. 
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6.2.2 XRD Study of the (1-ϕ)(NBT-KNN)-ϕSBexT Ceramics 
Fig. 6.2 shows the RT X-ray diffraction (XRD) patterns of the sintered (1-
ϕ)(NBT-KNN)-ϕSBexT (ϕ= 0, 2, 4, 8, 12, 16 wt. %) ceramics, whereas the inset figure is 
for ϕ= 0 wt. %. These XRD patterns show the presence of both the NBT-KNN and the 
SBexT phases. The existence of the NBT-KNN (marked as Δ) and SBexT (marked as #) 
phases in the XRD pattern separately suggest the possibilities of affecting each other 
properties. Moreover, some impurity peaks (marked as *) are also detected in the XRD 
patterns of the (1-ϕ)(NBT-KNN)-ϕSBexT ceramics, which corresponds to the 
pyrochlore/intermediate phases [1]. Later, the existence of both SBexT and NBT-KNN 
phases in the (1-ϕ)(NBT-KNN)-ϕSBexT ceramics is also confirmed from the SEM 
micrograph study. Development of unwanted XRD peaks (other than the SBexT and the 
NBT-KNN phases) suggest the possible reaction between the NBT-KNN and SBexT 
systems during sintering stage [2,3].  
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Fig. 6.2: X-ray diffraction patterns of (1-ϕ)(NBT-KNN)-ϕSBexT ceramics with ϕ (in wt. 
%) = (a) 2, (b) 4, (c) 8, (d) 12, and (e) 16. Inset: XRD pattern of NBT-xKNN (with 
x=0.07). 
6.3 Density and Morphological Study 
6.3.1 Density and Morphological Study of the (1-ϕ)(NBT-BT)-ϕSBexT 
Ceramics  
Fig. 6.3 (a-f) shows the SEM images of the (1-ϕ)(NBT-BT)-ϕ SBexT (ϕ= 0, 2, 4, 
8, 12, 16 wt. %) ceramic samples. The incorporation of SBexT phase beyond ϕ ≥ 8 wt. % 
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influences the microstructure of the NBT-BT ceramic samples. Up to ϕ =4 wt. %, the 
grain shapes are of typical NBT-BT ceramics type. However, long, randomly oriented 
and platelike grains starts developing with the increase of SBexT content beyond ϕ = 4 
wt.% in the (1-ϕ) (NBT-BT)-ϕ SBexT ceramic samples. In addition, with the increase of 
SBexT content, the non-uniformity of ractangular grains increases and the average grain 
size decreases. This decrease  of average grain size with the increase of SBexT content 
suggest that SBexT acts as grain growth inhibitor in the (1-ϕ)(NBT-BT)-ϕ SBexT ceramic 
samples. The decrease of average grain size with the increase of SBexT content can also 
be associated with the appearance of secondary phases in the (1-ϕ)(NBT-BT)-ϕ SBexT 
ceramic samples [2]. The avaerage grain size of the NBT-BT-type rectangular grains and 
the SBexT-type platelike grains of the (1-ϕ)(NBT-BT)-ϕSBexT ceramics are given in 
Table 6.1. The experimental density (ρex) of all the sintered (1-ϕ)(NBT-BT)-ϕ SBexT 
ceramic samples is also given in Table 6.3. ρex increases with the increase of SBexT 
content and becomes maximum for ϕ=12 wt.%. This enhancement of density can be 
linked to the introduction of a denser layered perovskite SBexT phase in the (1-ϕ)(NBT-
BT)-ϕSBexT ceramic samples [4].  
 
Fig. 6.3: SEM micrographs of (1-ϕ) (NBT-BT)-ϕ SBexT with ϕ (in wt.%) = (a) 0, (b) 2, 
(c) 4, (d) 8, (e) 12  and (f) 16. 
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Table 6.1: Average grain size, and experimental density of (1-ϕ) (NBT-BT)-ϕ SBexT (ϕ= 
0, 2, 4, 8, 12, 16 wt. %) ceramics. 
 
(1-ϕ) (NBT-
BT)-ϕ SBexT 
ϕ = 0 wt. 
% 
ϕ = 2 
wt. % 
ϕ = 4 wt. 
% 
ϕ = 8 wt. 
% 
ϕ = 12 
wt. % 
ϕ = 16 wt. 
% 
Average grain 
size (μm) 
2.50 1.94 1.68 1.22 
l*=4.24 
1.65 
l* =15.3 
1.16 
l*=11.21 
Experimental 
density(g/cc) 
5.89 5.92 5.95 5.96 6.09 5.62 
Where, l*=length of plate like grains 
6.3.2 Density and Morphological Study of (1-ϕ)(NBT-KNN)-ϕSBexT 
Ceramics  
Fig. 6.4 (a-f) shows the SEM images of the (1-ϕ) (NBT-KNN)-ϕ SBexT (ϕ= 0, 2, 
4, 8, 12, 16 wt. %) ceramic samples. Non-uniform arrangement of rectangular grains can 
be seen from the SEM micrographs of the NBT-KNN samples. However, long, randomly 
oriented and platelike grains starts emerging for ϕ ≥ 8 wt.% samples in the(1-ϕ) (NBT-
KNN)-ϕSBexT system, which is similar  to the SBexT modified NBT-BT systems. The 
average grain size of the (1-ϕ)(NBT-KNN)-ϕSBexT ceramics is calculated by the linear 
intercept method and given in Table 6.2. There is a small decrease of the average grain 
size of the rectangular shaped grains with the increase of SBexT content in the (1-ϕ)(NBT-
KNN)-ϕSBexT ceramics. The experimental density (ρex) of the sintered (1-ϕ)(NBT-
KNN)-ϕSBexT ceramics was measured by Archimedes principle. The values of ρex of the 
(1-ϕ)(NBT-KNN)-ϕSBexT ceramics are given in Table 6.2. ρex increases with the increase 
of SBexT content in the (1-ϕ)(NBT-KNN)-ϕ SBexT system, which is again obvious 
because the SBexT system is a denser layered perovskite than the NBT-KNN system [4].  
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Fig. 6.4: SEM micrographs of (1-ϕ) (NBT-KNN)-ϕ SBexT ceramics with ϕ (in wt.%) = 
(a) 0, (b) 2, (c) 4, (d) 8, (e) 12  and (f) 16. 
 
Table 6.2: Average grain size, and experimental density of (1-ϕ) (NBT-KNN)-ϕ SBexT 
(ϕ= 0, 2, 4, 8, 12, 16 wt. %) ceramics. 
(1-ϕ)(NBT-
KNN)-ϕSBexT 
ϕ = 0 
wt. % 
ϕ = 2 
wt. % 
ϕ = 4 
wt. % 
ϕ = 8 wt. 
% 
ϕ = 12 
wt. % 
ϕ = 16 wt. 
% 
Average grain 
size (μm) 
4.34 1.53 1.31 1.27 
l*=3.54 
1.25 
l*=6.28 
1.26 
l*=9.62 
Experimental 
density(g/cm3) 
5.77 5.80 5.84 5.85 5.94 6.01 
Where, l*=length of plate-like grains 
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6.4 Dielectric Study 
6.4.1 Temperature Dependent Dielectric Properties of (1-ϕ)(NBT-BT)-
ϕSBexT Ceramics  
Fig. 6.5 (a-f) show the temperature dependence of εr and tanδ at different 
frequencies of the (1-ϕ)(NBT-BT)-ϕSBexT (ϕ = 0, 2, 4, 8, 12, 16 wt. %) ceramic samples. 
It is observed that εr decreases gradually with the increase of SBexT content, which may 
be due to the increase of multiple cationic arrangements in the (1-ϕ)(NBT-BT)-ϕSBexT 
ceramic samples [5]. Two major peaks (~Td and Tm) appear in the εr vs. temperature plots 
of all the ceramics except for ϕ=16 wt. %. Strong frequency dispersion is observed near 
Td, whereas diffuse phase transition is observed near Tm  [6]. Near Tm, the broadening of 
εr vs. temperature peak with the increase in SBexT content suggests the increase of 
cationic disorder [5]. Clear demarcation of Td and Tm is visible up to ϕ= 12 wt. %, which 
starts diminishing for ϕ= 16 wt.%. For ϕ= 16 wt.%, the sharp increase of εr at higher 
temperatures may be related to the space charge polarization, which results from the 
increase in conductivity of the ceramic samples [7, 8]. This can also be related to the 
oxygen vacancies and defects, created in the material during high-temperature processing 
conditions.  Formation of oxygen vacancies during high temperature sintering is a 
common result in all type of oxide based perovskite materials. However, amount of 
oxygen loss and their effect on the conduction process in different materials is different. 
These are expressed as Kröger-Vink notation as follows: 
)1.6(
2
1
2 eVOO O
X
O ′++→
•  
)2.6(2
2
1
2 eVOO O
X
O ′++→
••  
Where, •oV  and 
••
oV are singly and doubly ionized oxygen vacancies, respectively. 
Dielectric properties of the (1-ϕ) (NBT-BT)-ϕSBexT (ϕ= 0, 2, 4, 8, 12, 16 wt. %) 
ceramics at 1 kHz frequency are given in Table 6.3. 
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Fig. 6.5: Variation of εr and tanδ with temperature at different frequencies of (1-ϕ) 
(NBT-BT)-ϕSBexT ceramics with ϕ (in wt.%) = (a) 0, (b) 2, (c) 4, (d) 8, (e) 12 and (f) 16. 
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Table 6.3: Dielectric values (at 1 kHz frequency) of (1-ϕ) (NBT-BT)-ϕ SBexT ceramic 
samples. 
(1-ϕ) (NBT-BT)-ϕ 
SBexT 
εr 
at RT 
tanδ 
at RT 
Td 
( °C) 
Tm 
( °C) 
εr 
at Tm 
ϕ = 0 wt.% 2275 0.04 99 219 5067 
ϕ = 2 wt.% 1725 0.05 81 216 3687 
ϕ = 4 wt.% 1534 0.05 88 214 3272 
ϕ = 8 wt.% 1326 0.04 96 214 2624 
ϕ = 12 wt.% 1253 0.04 99 201 2209 
ϕ =16 wt.% 532 0.03 - - - 
 
6.4.2 Temperature Dependent Dielectric Properties of (1-ϕ)(NBT-KNN)-
ϕSBexT Ceramics  
Fig. 6.6 (a-f) shows the temperature dependence of εr and tanδ at different 
frequencies of the (1-ϕ) (NBT-KNN)-ϕSBexT (ϕ=0, 2, 4, 8, 12, 16 wt. %) ceramics. Two 
significant peaks (near Td and Tm) appear in the temperature dependence of εr plots of the 
(1-ϕ) (NBT-KNN)-ϕSBexT ceramics. At RT, the variation of εr vs. T plots exhibit 
frequency dispersion, whereas above Td this dispersion nature is reduced, which suggest 
the existence of relaxing phenomena close to RT, which is absent at higher temperatures 
[6]. However, near Tm, εr vs. T peaks are comparatively broad, indicating the diffuse 
phase transition (DPT) nature of the samples. It is observed that εr increases with the 
increase in temperature up to Tm and starts decreasing slowly with the increase of 
temperature above Tm. Also, Tm decreases with the increase of SBexT content in the (1-ϕ) 
(NBT-KNN)-ϕSBexT ceramics. The decrease of Tm with the increase of SBexT content 
can be related to the internal stress in the (1-ϕ) (NBT-KNN)-ϕSBexT ceramics [9]. This 
behavior suggests that there might have decrease in internal stress, which gives rise to 
decrease in Tm. However, Td shows a marginal shift without any systematic trend with the 
variation of SBexT content in the (1-ϕ) (NBT-KNN)-ϕSBexT ceramics. Furthermore, there 
is no clear distinction between Td and Tm for ϕ=16 wt.% ceramic samples.The value of εr 
at RT as well as at Tm decreases with the increase of SBexT content, which suggest the  
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increase of multiple cationic arrangements in the (1-ϕ)(NBT-KNN)-ϕSBexT ceramics [5]. 
RT value of tanδ at 1 kHz frequency drastically decreases for ϕ = 16 wt. % ceramic 
samples, which suggest the usefulness of this system for capacitor applications. Dielectric 
properties at 1 kHz frequency of the (1-ϕ) (NBT-KNN)-ϕSBexT (ϕ= 0, 2, 4, 8, 12, 16 wt. 
%) ceramics are given in Table 6.4. 
 
 
  
Fig. 6.6: Variation of εr and tanδ with temperature at different frequencies of (1-ϕ) (NBT-
KNN)-ϕ SBexT ceramics with ϕ (in wt.%) = (a) 0, (b) 2, (c) 4, (d) 8, (e) 12  and (f) 16. 
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Table 6.4: Dielectric values (at 1 kHz frequency) of (1-ϕ) (NBT-KNN)-ϕ SBexT ceramic 
samples.    
(1-ϕ) (NBT-KNN)-
ϕ SBexT 
εr 
at RT 
tanδ 
at RT 
Td 
( °C) 
Tm 
( °C) 
εr 
at Tm 
ϕ = 0 wt.% 2787 0.05 121 259 4438 
ϕ = 2 wt.% 2396 0.07 128 231 2663 
ϕ = 4 wt.% 1329 0.03 128 228 2606 
ϕ = 8 wt.% 1313 0.03 115 197 2398 
ϕ = 12 wt.% 1220 0.03 115 186 1946 
ϕ =16 wt.% 1278 0.02 124 - - 
 
6.5 Leakage Current Study 
6.5.1 Leakage Current Properties of (1-ϕ)(NBT-BT)-ϕSBexT Ceramics 
The room temperature (RT) leakage current density vs. electric field (J–E) 
characteristics of the (1-ϕ)(NBT-BT)-ϕSBexT (ϕ= 0, 2, 4, 8, 12, 16 wt. %) ceramic 
samples are shown in Fig. 6.7. The values of leakage current density of all the (1-ϕ) 
(NBT-BT)-ϕ SBexT ceramic samples are observed to be between ~10-7 to 10-8A/cm2 at the 
maximum applied electric field of 40kV/cm. Leakage current density values of the SBexT 
modified systems are lower than the pure NBT-BT ceramic sample. In contrast, as shown 
in Fig. 6.7, even at low electric fields, the NBT-BT ceramic samples exhibits high 
leakage current density. Bi vacancies ( '''
BiV ) accompanied by oxygen vacancies (
••
oV ) in the 
NBT-BT system can be related to its high leakage current behavior [10, 11]. The decrease 
of leakage current density with the incorporation of SBexT ceramics can be related to the 
decrease in space charge density [12]. The leakage current conduction mechanism of the 
(1-ϕ)(NBT-BT)-ϕSBexT ceramic samples can be explained in terms of ohmic behavior at 
low electric fields and space charge limited conduction (SCLC) behavior at high electric 
fields [13]. In addition, a distinct hump at ~30kV/cm electric field in the J-E plot of the 
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NBT-BT ceramic samples relates with the coercive field for the particular composition 
[14]. Moreover, asymmetric nature of the J-E plot of the NBT-BT ceramic samples 
suggests the electrode dependent behavior [15]. The values of leakage current density at 
an electric field of 40kV/cm are given in Table 6.5. The leakage current density value 
decreases up to ϕ= 12wt. %. This decrease of leakage current density with the 
modification of SBexT ceramics can be associated with the introduction of lattice defects, 
which block the electron movement and results in less electrical conductivity [16]. 
However for ϕ =16 wt.%, the leakage current density value starts increasing which may 
be related to the dominance of space charge effect and presence of secondary phases in 
the systems. 
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Fig. 6.7 Room temperature leakage current density vs. electric field plots of (1-ϕ) (NBT-
BT)-ϕSBexT (ϕ=0, 2, 4, 8, 12, 16 wt. %) ceramics. 
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Table 6.5:  Leakage current density of (1-ϕ) (NBT-BT)-ϕ SBexT (ϕ= 0, 2, 4, 8, 12, 16 wt. 
%) ceramics at 40kV/cm.  
(1-ϕ) (NBT-BT)- 
ϕ SBexT 
ϕ = 0 wt. 
% 
ϕ = 2 wt. 
% 
ϕ = 4 wt. 
% 
ϕ = 8 wt. 
% 
ϕ = 12 
wt. % 
ϕ = 16 
wt. % 
Current 
Density(A/cm2) 
5.72x10-7 1.24x10-7 9.60x10-8 7.14x10-8 5.72x10-8 2.35x10-
7 
 
6.5.2 Leakage Current Properties of (1-ϕ)(NBT-KNN)-ϕSBexT Ceramics  
Fig. 6.8 shows nearly symmetrical J–E characteristics of (1-ϕ) (NBT-KNN)-
ϕSBexT (ϕ=0, 2, 4, 8, 12, 16 wt %) ferroelectric ceramics at both positive and negative 
biased voltages. The bulk-limited current plays a critical role in the conduction 
mechanism of the (1-ϕ)(NBT-KNN)-ϕSBexT ceramics [17]. Again, the symmetric nature 
of the J–E plots suggests the electrode independent nature of all the (1-ϕ) (NBT-KNN)-
ϕSBexT ceramic samples [15]. The value of the leakage current density of all the (1-ϕ) 
(NBT-KNN)-ϕSBexT ceramics at an electric field of 40kV/cm are given in Table 6.6. The 
value of the leakage current is two order less compared to the parent NBT-KNN ceramic 
samples. The decrease of leakage current value  with the increase of SBexT content in the 
(1-ϕ)(NBT-KNN)-ϕSBexT system can be accounted in terms of the moderate leakage 
behavior of SBexT [18]. Whereas, the small leakage current of SBexT system can be 
explained with its layer structure nature [19]. The conduction mechanism in any ceramic 
is of bulk and/or interface limited type [20]. In this case, the RT leakage current behavior 
at low voltage is of Ohmic conduction type and at high voltage is of SCLC type [21].  
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Fig. 6.8: Room temperature leakage current density vs. electric field plots of (1-ϕ) (NBT-
KNN)-ϕ SBexT (ϕ= 0, 2, 4, 8, 12, 16 wt. %) ceramics. 
Table 6.6:   Leakage current density of (1-ϕ) (NBT-KNN)-ϕ SBexT (ϕ= 0, 2, 4, 8, 12, 16 
wt. %) ceramics at 40kV/cm. 
(1-ϕ) (NBT-
KNN)-ϕ 
SBexT 
ϕ = 0 wt. 
% 
ϕ = 2 wt. 
% 
ϕ = 4 wt. 
% 
ϕ = 8 wt. 
% 
ϕ = 12 wt. 
% 
ϕ = 16 
wt. % 
Current 
Density 
(A/cm2) 
1.04x10-
6 
3.36x10-8 3.85x10-8 2.92x10-8 1.72x10-8 1.23x10-
8 
6.6 Piezoelectric Study 
6.6.1 Piezoelectric Study of (1-ϕ) (NBT-BT)-ϕSBexT Ceramics 
Fig. 6.9 shows the RT-induced strain% vs. external electric field (S-E) plots of the 
(1-ϕ) (NBT-BT)-ϕ SBexT (with ϕ= 0, 2, 4, 8, 12, 16 wt. %) ceramic samples. The typical 
butterfly shape S-E loop with a maximum strain of ~0.45% of the NBT-BT ceramic 
samples confirmed its piezoelectric nature. While for the SBexT modified systems, the 
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shape of the S-E loops changes to a typical relaxor ferroelectric type, which may be due 
to the dependence of Td on frequency, confirmed in the dielectric spectrum [22]. The 
significant reduction of the induced strain%, accompanied by the deviation from the 
butterfly shaped S–E loops reveals that the ferroelectric and non-polar phases coexist in 
the (1-ϕ) (NBT-BT)-ϕSBexT (with ϕ= 2, 4, 8, 12, 16 wt. %) ceramic samples. Moreover, 
this suggests that an easy transition between the ferroelectric and non-polar phases can 
occur under an applied external electric field [23]. The S-E loop of the ceramics for ϕ=16 
wt. % composition is highly disrupted and the value of induced strain% gets drastically 
lowered. This can be attributed to the low piezoelectric property SBexT and presence of 
secondary phase in the (1-ϕ)(NBT-BT)-ϕSBexT ceramic composites for ϕ=16 wt. %. The 
d33 and kp values of all the poled (1-ϕ) (NBT-BT)-ϕSBexT ceramics are also measured. 
The d33 and kp values are found to decrease with increase in SBexT incorporation and get 
completely disappear after ϕ = 12 wt. % and 8 wt. %, respectively. Maximum induced 
strain %, d33 and kp of all the (1-ϕ) (NBT-BT)-ϕSBexT ceramic samples are given in 
Table 6.7. 
 
 
 
 
 
 
 
 
 
Fig. 6.9 Bipolar field-induced strains of (1-ϕ) (NBT-BT)-ϕ SBexT ceramics with ϕ (in wt. 
%) = (a) 0, (b) 2, (c) 4, (d) 8, (e) 12 and (f) 16. 
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Table 6.7:   Piezoelectric parameters of (1-ϕ) (NBT-BT)-ϕ SBexT (ϕ= 0, 2, 4, 8, 12, 16 
wt. %) ceramics. 
(1-ϕ) (NBT-
BT)-ϕ SBexT 
ϕ = 0 wt. 
% 
ϕ = 2 wt. 
% 
ϕ = 4 wt. % ϕ = 8 wt. 
% 
ϕ = 12 wt. 
% 
ϕ =16 wt. 
% 
kp 0.21 18.24 13.31 8.11 - - 
d33 (pC/N) 105 85 43 25 14 - 
Strain% 0.45 0.14 0.07 0.05 0.04 0.03 
 
 
6.6.2 Piezoelectric Study of (1-ϕ) (NBT-KNN)-ϕSBexT Ceramics 
Fig. 6.10 shows the development of S-E loops of the (1-ϕ)(NBT-KNN)-ϕSBexT 
(with ϕ= 0, 2, 4, 8, 12, 16 wt. %) ceramics, which suggests the movement and switching 
of the non-180° domain walls [24]. Butterfly shaped S-E loops are observed in all the    
(1-ϕ)(NBT-KNN)-ϕSBexT ceramic samples. Unlike SBexT modified NBT-BT systems, 
the butterfly shape of the S-E loops of the (1-ϕ)(NBT-KNN)-ϕSBexT ceramics is retained.  
However, with the increase of SBexT content, the asymmetry of the S-E loops increases, 
which can be attributed to the increase of defects/secondary phase  in the (1-ϕ)(NBT-
KNN)-ϕSBexT ceramics [25]. Maximum induced strain% values of all the studied 
ceramic samples are given in Table 6.8. The maximum strain% value gradually decreases 
with the increase of SBexT content in the (1-ϕ)(NBT-KNN)-ϕSBexT ceramics. The d33 and 
kp values of all the (1-ϕ)(NBT-KNN)-ϕSBexT ceramics are given in the Table 6.8. Like 
the decrease of maximum strain% values, the d33 and kp values are also decreasing with 
the increase of SBexT content in the (1-ϕ)(NBT-KNN)-ϕSBexT ceramics. Moreover, no 
significant value of kp and d33 of the (1-ϕ)(NBT-KNN)-ϕSBexT ceramics are observed for 
ϕ = 4 wt.% and 8 wt.% ceramics, respectively. 
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Fig. 6.10: Bipolar field-induced strains of (1-ϕ) (NBT-KNN)-ϕ SBexT ceramics with ϕ (in 
wt. %) = (a) 0, (b) 2, (c) 4, (d) 8, (e) 12 and (f) 16. 
Table 6.8: Piezoelectric parameters of (1-ϕ) (NBT-KNN)-ϕ SBexT (ϕ= 0, 2, 4, 8, 12, 16 
wt. %) ceramics. 
(1-ϕ) (NBT-
KNN)-ϕ SBexT 
ϕ = 0 wt. % ϕ = 2 wt. % ϕ = 4 wt. 
% 
ϕ = 8 wt. 
% 
ϕ = 12 wt. 
% 
ϕ =16 wt. 
% 
kp 0.12 0.10 0.08 - - - 
d33 (pC/N) 78 52 31 15 - - 
Strain% 0.29 0.15 0.11 0.08 0.05 0.03 
6.7 Ferroelectric Study  
6.7.1 Ferroelectric Study of (1-ϕ) (NBT-BT)-ϕ SBexT Ceramics 
Fig. 6.11 show the P-E hysteresis loops of the (1-ϕ) (NBT-BT)-ϕSBexT (where ϕ= 
0, 2, 4, 8, 12, 16 wt.%) ceramic samples. The MPB composition of the NBT-BT system 
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exhibits a strong ferroelectric nature with remnant polarization (Pr) ~31.71μC/cm2 and 
coercive field (Ec) ~ 40kV/cm. However, as compared to the NBT-BT ceramics, the 
SBexT incorporated (1-ϕ)(NBT-BT)-ϕSBexT ceramic samples show lowering of the Ec 
and Pr values. The lowering of Pr value with the incorporation of SBexT in the (1-ϕ) 
(NBT-BT)-ϕSBexT ceramic samples may be associated with the increase in number of 
cations [5]. In addition, the drastic decrease in Ec and Pr values accompanied by slightly 
pinched P–E hysteresis loops with the incorporation of higher content of SBexT in the (1-
ϕ) (NBT-BT)-ϕSBexT ceramic samples may also be attributed to the introduction of non-
polar and development of secondary phases [26]. For lower content of SBexT (ϕ= 2 and 4 
wt. %), Td shifts towards RT. This shift in Td can cause the appearance of non-polar phase 
in these ceramics and the interactions between these polar and non-polar phases may give 
rise to the deformation of the P–E hysteresis loops [27-30]. Further, the ferroelectric P-E 
hysteresis loop analysis of the (1-ϕ)(NBT-BT)-ϕSBexT ceramic samples is in good 
agreement with its piezoelectric behavior. Pr and Ec values of all the (1-ϕ) (NBT-BT)-
ϕSBexT ceramic samples are given in Table 6.9. 
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Fig. 6.11: P-E hysteresis loops of (1-ϕ) (NBT-BT)-ϕ SBexT ceramics with ϕ (in wt.%) = 
(a) 0, (b) 2, (c) 4, (d) 8, (e) 12  and (f) 16. 
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Table 6.9: Ferroelectric parameters of (1-ϕ) (NBT-BT)-ϕ SBexT (ϕ= 0, 2, 4, 8, 12, 16 wt. 
%) ceramics. 
(1-ϕ)(NBT-
BT)-ϕSBexT 
ϕ = 0 wt. % ϕ = 2 wt. 
% 
ϕ = 4 wt. 
% 
ϕ = 8 wt. 
% 
ϕ = 12 
wt. % 
ϕ = 16 
wt. % 
Pr (µC/cm2) 31.71 1.88 3.02 3.47 3.84 2.20 
Ec(kV/cm) 40.00 1.70 5.20 5.59 9.11 11.02 
6.7.2 Ferroelectric Study of (1-ϕ) (NBT-KNN)-ϕ SBexT Ceramics 
 Fig. 6.12 shows the RT well-developed P–E hysteresis loops of all the (1-ϕ) 
(NBT-KNN)-ϕ SBexT (ϕ= 0, 2, 4, 8, 12, 16 wt. %) ceramic composites. Leakage current 
of a ferroelectric material plays a great impact on its ferroelectric behavior. Development 
of slimmer P-E loops with the increase of ϕ content can be correlated with the decrease of 
its leakage current. The ceramic composites with ϕ =16 wt. % have the lowest leakage 
current in the (1-ϕ)(NBT-KNN)-ϕ SBexT sample. This can be attributed to the addition of 
excess SBexT, that might have caused lattice defects which blocked electron transporting, 
resulting in less electrical conductivity and in turn lower leakage [16]. This is in good 
agreement with the lower coercive field as shown in Fig 6.12. Moreover, the observed 
ferroelectric behavior can be attributed to the domain wall motion and structural 
distortion of the oxygen octahedra in all the studied ceramics. The leakage current, Pr, 
and Ec values of all the (1-ϕ)(NBT-KNN)-ϕSBexT ceramic composite samples are given 
in Table 6.10.  
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Fig. 6.12: P-E hysteresis loops of (1-ϕ) (NBT-KNN)-ϕSBexT (ϕ= 0, 2, 4, 8, 12, 16 wt. %) 
ceramics. 
Table 6.10: Ferroelectric parameters of (1-ϕ) (NBT-KNN)-ϕ SBexT (ϕ= 0, 2, 4, 8, 12, 16 
wt. %) ceramics. 
(1-ϕ) (NBT-
KNN)-ϕSBexT 
ϕ = 0 wt. 
% 
ϕ = 2 wt. 
% 
ϕ = 4 wt. 
% 
ϕ = 8 wt. 
% 
ϕ = 12 
wt. % 
ϕ = 16 
wt. % 
Pr (µC/cm2) 20.61 9.64 9.54 5.64 2.60 1.44 
Ec(kV/cm) 19.90 27.63 25.68 24.49 18.26 10.80 
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6.8 Polarization Fatigue Study 
6.8.1 Polarization Fatigue Study of (1-ϕ) (NBT-BT)-ϕSBexT Ceramics 
The fatigue endurance study of the (1-ϕ)(NBT-BT)-ϕSBexT (ϕ= 0, 2, 4, 8, 12, 16 
wt. %) ceramic composites was carried out at room temperature by using 105Hz bipolar 
triangular switching pulses. Fig. 6.13 shows the variation of normalized polarization vs. 
number of switching cycles (up to 109) of all the (1-ϕ) (NBT-BT)-ϕ SBexT ceramic 
composite samples. The switched polarization value in the positive and negative applied 
electric field cycles is denoted by P* and -P* (µC/cm2). The NBT-BT composition near 
MPB shows degradation of ~ 22.54% in their polarization behavior. From Fig. 6.13 plots, 
it is observed that the polarization degradation gradually decreases with the increase in 
SBexT content, which can be related to anti-fatigue behaviour of SBexT system. Since, 
polarization fatigue, which is related to the leakage current, obstructs the use of 
ferroelectric materials in memory applications. The studied polarization fatigue 
characteristics has also supported the leakage current behavior of (1-ϕ)(NBT-BT)-ϕSBexT 
ceramics. The relative polarization fatigue% values of all the (1-ϕ) (NBT-BT)-ϕSBexT 
ceramics after 109 switching cycles are listed in Table 6.11. The mechanisms of reduction 
of polarization fatigue with SBexT incorporation has already been discussed in the 
following 6.8.3 section. 
  
 
Fig. 6.13: Normalized polarization vs. number of cycles plots of (1-ϕ) (NBT-BT)-ϕ 
SBexT (ϕ= 0, 2, 4, 8, 12, 16 wt. %) ceramics. 
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Table 6.11:  Polarization fatigue of (1-ϕ) (NBT-BT)-ϕ SBexT (ϕ= 0, 2, 4, 8, 12, 16 wt %) 
ceramics. 
(1-ϕ) (NBT-BT)- 
ϕ SBexT 
ϕ = 0 
wt. % 
ϕ = 2 
wt. % 
ϕ = 4 
wt. % 
ϕ = 8 
wt. % 
ϕ = 12 
wt. % 
ϕ = 16 
wt. % 
Relative polarization 
fatigue %(109 cycle) 
22.54 13.48 11.02 9.94 8.26 5.84 
6.8.2 Polarization Fatigue Study of (1-ϕ)(NBT-KNN)-ϕSBexT Ceramics  
Fig. 6.14 shows the RT polarization fatigue characteristics of the (1-ϕ)(NBT-
KNN)-ϕSBexT (ϕ= 0, 2, 4, 8, 12, 16 wt. %) ceramics at 10kHz bipolar triangular 
switching pulses. Variation of normalized polarization vs. number of cycles (up to 109) of 
all the (1-ϕ)(NBT-KNN)-ϕSBexT ceramic composites is shown in Fig. 6.14. The 
switching polarizations are observed after 1, 300000, 1.5x106, 1.17x107, 1.11 x108 and 
1.23x109 numbers of the applied electric field cycles. It is observed that the polarization 
degradation gradually decreases with the increase of SBexT content in the (1-ϕ)(NBT-
KNN)-ϕSBexT ceramics. It is well known that the polarization fatigue of a ferroelectric 
material is strongly related to its leakage current behavior i.e., lower the leakage current, 
higher is the fatigue-free behavior in the material [31] This also explains the decrease of 
polarization degradation with the increase of SBexT content in (1-ϕ)(NBT-KNN)-ϕSBexT 
ceramics. In the ABO3 type of perovskite ferroelectric ceramics, formation of oxygen 
vacancy types of defects is more pronounced [32]. Therefore, with the increase of SBexT 
content in the (1-ϕ) (NBT-KNN)-ϕSBexT ceramics, the number of oxygen vacancies 
decreases [19] and the polarization fatigue resistant increases. The detailed mechanism 
has been explained in the following section.The relative polarization fatigue% values 
after 109 cycles of all the (1-ϕ) (NBT-KNN)-ϕ SBexT ceramics are listed in Table 6.12.  
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Fig. 6.14: Normalized polarization vs. number of cycles plots of (1-ϕ) (NBT-KNN)-ϕ 
SBexT (ϕ= 0, 2, 4, 8, 12, 16 wt. %) ceramics. 
Table 6.12:   Polarization fatigue of (1-ϕ) (NBT-KNN)-ϕ SBexT (ϕ= 0, 2, 4, 8, 12, 16 wt 
%) ceramics. 
(1-ϕ) (NBT-KNN)-ϕ 
SBexT 
ϕ = 0 wt. 
% 
ϕ = 2 wt. 
% 
ϕ = 4 
wt. % 
ϕ = 8 
wt. % 
ϕ = 12 
wt. % 
ϕ = 16 
wt. % 
Relative polarization 
fatigue %(109 cycle) 
30.57 11.57 6.0 4.98 1.66 1.05 
 
6.8.3 Mechanism of Improvement of Electric Fatigue Endurance of the 
(1-ϕ)(NBT-KNN)-ϕSBexT and (1-ϕ) (NBT-BT)-ϕSBexT Ceramics  
The major contribution to polarization fatigue in normal perovskite ferroelectric 
materials is related to the oxygen vacancies, created at high processing temperatures [33]. 
During reorientation of the domains, these oxygen vacancies are generally driven towards 
domain walls or grain boundaries and captured by space charges [33]. This accumulation 
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of oxygen vacancies at the domain walls and/or at grain boundaries would lead to the 
pinning of domain walls and development of depolarization field. The depolarization 
field weakens the applied external electric field and results in effectively less 
reorientation of domains, which is reflected in the decrease of remnant/saturation 
polarization after repeated no. of electric field cycles and accounts the polarization 
fatigue of the ferroelectric material. This type of phenomena is common in perovskite 
phase ferroelectric systems. Whereas, in layered perovskite ferroelectrics such as in SBT, 
a specific bismuth oxide layer (Bi2O2)2+ exists between the oxygen octahedron chains 
(SrTa2O7)2- [34]. With this, the ferroelastic stress, caused by the reorientation of the 
polarization under applied external electric field can be relieved. Moreover, due to the 
large lattice space and weak ionic bonds in the (Bi2O2)2+ layers, the oxygen vacancies can 
be accommodated in these layers, which restrict the piling of oxygen vacancies near the 
domain walls [35]. Thus, a weaker depolarization field or less pinning of the domain 
walls would be present, which accounts the better polarization fatigue endurance of the 
layered perovskite ferroelectrics. This explains the improvement of polarization fatigue 
endurance in the SBexT modified NBT-BT and NBT-KNN ceramics, respectively. 
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Chapter 7 
Conclusions and Future Work 
In the present work, ferroelectric ceramics with NBT-xBT and NBT- xKNN 
compositions showed an MPB at x=0.07. The ceramics with these compositions were 
observed to have excellent dielectric, piezoelectric, ferroelectric properties which could 
be helpful for various device applications. Leakage and polarization fatigue behaviour 
study is very important for realizing the utility of these materials in various device 
applications. For this purpose, in the present thesis work, leakage and polarization fatigue 
study of these systems are carried out and discussed in detail. Next objective of this work 
was to improve leakage and polarization fatigue behaviour of perovskite based systems. 
Based on literature, SBT, SBexT, and SBTW (bismuth layered structure ferroelectrics 
(BLSF) materials), naturally anti-fatigue with low leakage current behaviour, were 
selected and studied in detail. SBexT system was selected to further modify the leakage 
and polarization fatigue behaviour of MPB compositions of NBT-BT and NBT-KNN 
systems. For this purpose NBT-BT- SBexT and NBT-KNN- SBexT composite systems 
were synthesized and studied in detail. SBexT phase incorporated NBT-BT and NBT-
KNN systems showed improved leakage current density and polarization fatigue 
behaviour. The major conclusions drawn from the present work and the scope of the 
related future work are given in this chapter. 
7.1 Conclusions  
7.1.1 NBT-xBT and NBT-xKNN Systems: 
 Solid solutions of (1-x)Na0.5Bi0.5TiO3-xBaTiO3 (x=0.05, 0.06, 0.07, 0.08) and (1-
x)(Na0.5Bi0.5TiO3)-xK0.5Na0.5NbO3 (x=0.05, 0.06, 0.07, 0.08) ceramics near their 
respective MPBs were synthesized in single perovskite phase by solid-state 
reaction route.  
 In the NBT-xBT system, RT maximum values of Pr ~ 31.71μC/cm2, εr ~2275 (at 1 
kHz frequency), d33 ~105pC/N, kp ~ 0.21 and field induced strain% ~ 0.45 were 
obtained in the x=0.07 composition. 
 In the NBT-xKNN system, RT maximum values of Pr ~ 20.61µC/cm2, εr ~ 2787 
(at 1 kHz frequency), d33 ~78pC/N, kp ~ 0.12, and maximum induced strain% 
~0.36 were obtained in the x=0.07 composition. 
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 The minimum leakage current density ~5.72x10-7A/cm2 and ~1.04x10-6 A/cm2 
were observed in the x=0.07 compositions of the NBT-xBT and NBT-xKNN 
systems, respectively.  
 Polarization fatigue study confirmed the polarization degradation after 107 cycles 
of all compositions of the NBT-xBT and NBT-xKNN systems.  
7.1.2 SBT based Systems: 
 The 2-layered SrBi2Ta2O9/SBT, Sr0.8Bi2.15Ta2O9/SBexT, and 
SrBi2(Ta0.925W0.075)2O9/SBTW BLSF ceramics were successfully synthesized in 
single phase by the solid-state reaction route.  
 Plate-like grains morphology with maximum experimental density ~8.87 g/cc was 
observed in the SBexT ceramics, sintered at 1200oC/4hr.  
 Optimum εr ~1590 at 1 kHz frequency and highest Tc (398oC) were obtained in 
the SBexT ceramic samples. 
 RT lowest leakage current density ~3.14x10-9 A/cm2, maximum Pr ~ 8.07 µC/cm2 
with minimum Ec ~ 15.18kV/cm were obtained in the SBexT ceramic samples. 
 Polarization fatigue study confirmed negligible polarization degradation even 
after 109 electric field cycles of all the SBT, SBexT and SBTW ceramics.  
7.1.3 (1-ϕ)(NBT-BT)-ϕSBexT and (1-ϕ)(NBT-KNN)-ϕSBexT Ceramics: 
 (1-ϕ)(NBT-BT)-ϕ SBexT and (1-ϕ)(NBT-KNN)-ϕSBexT (ϕ= 0, 2, 4, 8, 12, 16 wt. 
%) ceramic composites were prepared by solid state reaction route.  
 XRD studies confirmed the co-existence of respective phases in both the systems.  
 SEM study showed the growth of plate-like grains and the dielectric study showed 
the decrease of εr and tanδ values with the increase of SBexT content in both the 
systems.  
 Room temperature leakage current density between 10-7 to 10-8 A/cm2 (which is 
one and two order less than that of the MPB compositions of the NBT-xBT and 
NBT-xKNN systems, respectively) was obtained in both the systems.   
 Reduction of maximum induced strain% with the increase of SBexT content was 
obtained in both the ceramic composite systems.   
 Improvement in leakage currents density, fatigue resistance, retention of high εr, 
Pr, d33 and kp values in ϕ ≤ 4wt. % ceramic composites of the (1-ϕ) (NBT-KNN)-
ϕSBexT system suggested their usefulness in capacitor, piezoelectric and NVRAM 
applications. 
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7.2 Recommendations for Future Work 
In the present work, (1-ϕ)(NBT-BT)-ϕSBexT and (1-ϕ)(NBT-KNN)-ϕSBexT 
ceramic composites were synthesized by solid state reaction route and studied for various 
structural and electrical properties. Following recommendations are made for the 
extension of the present work:  
 Thin films and nanoceramics of the best compositions of the (1-ϕ)(NBT-BT)-
ϕSBexT and (1-ϕ)(NBT-KNN)-ϕSBexT systems can be synthesized and studied for 
various structural and electrical properties.  
 For proper understanding of the grain and grain boundary effects in the (1-
ϕ)(NBT-BT)-ϕSBexT and (1-ϕ)(NBT-KNN)-ϕSBexT ceramic composites, 
impedance spectroscopic studies can be done. 
 Temperature variation of J-E and P-E loop studies can be carried out to 
understand the different conduction and FE-AFE transition mechanisms. 
 Fatigue characteristics of the (1-ϕ)(NBT-BT)-ϕSBexT and (1-ϕ)(NBT-KNN)-
ϕSBexT ceramics at different frequency of the applied electric field can be carried 
out.  
 For proper understanding of the polarization degradation mechanism, the 
dielectric, piezoelectric and P-E hysteresis loop studies of the best compositions 
can be carried out after repeated number of electric field cycles. 
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